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Adjudication of the Medals of the Royal Society for the year 1 884, 

by the President and Council. 


The Copley Medal to Professor Carl Ludwig, For. Mem. R.S., for his investiga- 
tions in Physiology, and the great services which he has rendered to Physiological 
Science. 

A Royal Medal to Professor George Howard Darwin, F.R.S., for his Mathe- 
matical Investigations on the Rigidity of the Earth, and on Tides. 

A Royal Medal to Professor Daniel Oliver, F.R.S., for his Investigations in the 
Classification of Plants, and for the great services which he has rendered to Taxonomic 
Botany. 

The Rumford Medal to Professor Tobias Robertus Thal^n for his Spectroscopic 
Researches. 

The Davy Medal to Professor Adolph Wilhelm Hermann Kolbe, For. Mem. 
R.S., for his Researches in the Isomerism of Alcohols. 


The Bakerian Lecture, “ Experiments on the Discharge of Electricity through 
Gases,” was delivered by Dr. Schuster, F.RS. 

The Croonian Lecture was not delivered. 
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XIII. On the Dynamics of a Rigid Body in Elliptic Space. 

By lb S, IIeath, B.A. } Fellow of Trinity College , Cambridge. 

Communicated by Professor Cayley, Sadie rian Professor of Mathematics in the 

U nirersity of Cumin idge. 


Received January 4, — Read January 17, 1884. 


This paper is an attempt to work out the theory of the motion of a rigid body under 
the action of any forces, with the generalised conceptions of distance of the so-called 
non-Euclidean geometry. Of the three kinds of non-Euclidean space, that known as 
elliptic space lias been chosen, because of the perfect duality and symmetry which 
exist in this case. The special features of the method employed are the extensive use 
of the symmetrical and homogeneous system of coordinates given by a quadrantal 
tetrahedron, and the use of Professor Cayley's coordinates, in preference to the 
“rotors” of Professor Clifford, to represent the position of a line in space. 

The first part, §§ 1-21, is introductory; in it the theory of plane and solid geometry 
is briefly worked out from the basis of Professor Cayley's idea of an absolute quadric. 
By taking a quadrantal triangle (i.e., a triangle self-conjugate with regard to the 
absolute conic) as the triangle of reference, the equations to lines, circles, and conics 
are found in a simple form, and some of their properties investigated. 

The geometry of any plane is proved to be the same as that of a sphere of unit 
radius, so that elliptic space is shown to have a uniform positive curvature. 

The theory is then extended to solid geometry, and the most important relations of 
planes and lines to each other are worked out. 

The next part treats of the kinematics of a rigid body. The possibility of the 
existence of a rigid body is shown to be implied by the constant curvature of elliptic 
space, and" then the theory of its displacement is made to depend entirely on ortho- 
gonal transformation. Any displacement may be expressed as a twist about a certain 
screw. A rotation about a line is shown to be the same as an equal translation along 
its polar ; so that the difference between a rotation and a translation disappears, and 
the motion of any body is expressed in terms of six symmetrical angular velocities. 
An angular velocity co, about a lino whose coordinates are a, b , c, f g , h 9 is found to 
be capable of resolution into component angular velocities, aco, bco . . . Iko, about the 
edges of the fundamental tetrahedron. 

The theory of screws is next considered. A twist on a screw cun be replaced by a 
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pair of rotations about any two lines which are conjugate to each other in a certain 
linear complex. The surface corresponding to the cylindroid is found to be of the 
fourth order with a pair of nodal lines. Lastly, the condition of equivalence of any 
number of twists about given screws is investigated. 

In kinetics, the measure of force is deduced from Newton’s second law of motion, 
and the laws of combination and resolution are proved. The consideration of the 
whole momentum of a body suggests the idea of moments of inertia, and a few of 
their properties are investigated. Tho general equations of motion referred to any 
moving axes are then found, and in a particular case they reduce to a form corres- 
ponding to Euler’s equations ; these are of the type 

Atuj — (B— II)a» 2 <u 8 — (G — C)co-oj.j= Q v 

The last part is occupied in the solution of these equations when no forces act, in 
terms of the theta-functions of two variables. A solution is obtained in the form 


3„(.r, y) 

(D | <7.“ " > 

, ■%(■>■. y) 

'’V-r, y) 

, d,(.r, //) 

(o. z =0. Q — ;» 
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% ^ 

II 

3 

„ ■%(*’ y) 

-M* y) 

7 S lt (.r, //) 

"«= a -5- s( ,,7)' 


where x—nt-\-a and y is arbitrary. But in order that these values may satisfy the 
equations, a relation among the parameters of the theta-functions must be satisfied. 
This is 

<V,<ho<^»+O r U r /'H=°- 

The solution is not complete, because after satisfying the equations of motion only 
four constants remain to express the initial conditions, whereas six constants are 
required. 

Introduction. 

A concise review of the characteristics of the different kinds of generalised space will 
be found in the introduction to Professor Clifford’s mathematical works by the late 
Professor H. J. S. Smitii (Introduction, p. xxxix.), together with an analysis of 
Clifford’s numerous memoirs relating to this subject. Further information may be 
found in the following papers : — 

Dr. Ball, “On the Noil-Euclidean Geometry,” ‘ Hermathena,’ vol. iii. 

Professor Cayley, “A Sixth Memoir on Qualities,’’ Phil. Trans., 1859. 

Professor Lindemann, “ Projectivische Behandlung dor Mechanik starrer Korper,” 
Math. Annalen, Bd. vii., 1874. 



A RTGID BODY IN ELLIPTIC SPACE. 


283 


Mr. IIomeksham Cox, “Homogeneous Coordinates in Imaginary Geometry, and 
their application to Systems of Forces,” Quarterly Journal, vol. 18. 

For the coordinates of a line see the paper by Professor Cayley, Carnb. Phil. 
Trans., vol. xi. 

On the geometry of elliptic space. 

§ 1. Geometrical theorems are sometimes divided into two classes, descriptive and 
metrical. Descriptive theorems have reference to the relative positions of figures, and 
are unaltered by projection and linear transformation. Metrical theorems have refer- 
ence to magnitudes, such as lengths of lines, the measures of angles, areas and volumes. 
But it has been pointed out by Professor Cayley that metrical theorems may always 
be stated as descriptive ; they are descriptive relations between geometrical figures 
and certain fixed geometrical forms, which lie calls the Absolute. In ordinary 
plane geometry the Absolute consists of an imaginary point-pair on a real line, viz., 
the circular points at infinity. The magnitude of the angle between two lines, for 
instance, may be expressed as a function of the anharmonic ratio of the pencil formed 
by the lines, and the pair of lines drawn from their intersection to the Absolute point- 
pair. Jn three dimensions the Absolute is the imaginary circle at infinity. 

2. Professor Cayley generalises this idea of metrical theorems by supposing the 
Absolute to be the points and planes of a fixed quadric surface in space. The Absolute 
in any plane consists of the points and lines of a fixed conic lying in the plane, the 
conic being the intersection of the plane with the Absolute quadric. 

There are three different kinds of geometry of space depending on the nature of this 
Absolute quadric. These are 

(1.) Elliptic geometry, in which all the elements of the Absolute are imaginary. 

(2.) Hyperbolic geometry, in which the Absolute surface is real, but contains no 
real straight lines, and surrounds us. 

(3.) Parabolic geometry, in which the Absolute degenerates into an imaginary conic 
in a real plane. 

In what follows we shall suppose all the elements of the Absolute imaginary. 

3. On any line there is an Absolute point-pair, viz., the intersections of the line 
with the Absolute quadric. The position of any point on the line will be determined 
when we know the ratio of its distances from the Absolute points. If wc denote this 
ratio by z, the distance between two points must be a function of the ratios z x and z 2 , 
corresponding to the points. 

Now, the fundamental property of the distance between two points may be expressed 
by the relation 

PQ+qr=FH 

where P, Q, R are three points on the same line. In view of this relation the distance 
between two points z A , z., is defined to be 


2 o 2 
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0 log ? 

*3 

where c is an arbitrary constant. Hence, in this generalised system of Geometry, the 
distance between two points on a line is measured by the logarithm of the anharmonic 
ratio of the range formed by the two points and the absolute point-pair of the line, 
multiplied by an arbitrary constant. 

4. The relations between lines passing through a point and lying in a plane are 

exactly the same as the relations between points along a line. Among the linos lying 

in a plane and passing through a point there are two fixed lines called the Absolute 

pair of lines ; these are the pair of tangents that can be drawn from the point to the 

Absolute conic of the plane. The measurement of angles will thus be exactly similar 

to the measurement of distances. The angle between two lines lying in a plane is 

measured by the logarithm of the anharmonic ratio of the pencil formed by the lines 

and the Absolute pair of lines passing through the point, multiplied by an arbitrary 

constant. There is a special advantage in choosing both these arbitrary constants 

1 

to be -> where i denotes \/ — 1. 

From these definitions it follows by properties of poles and polars that the distance 
between two points is erpial to the angle between their polars, so that any theorem of 
distances has a reciprocal theorem relating to angles. 

5. Let U = 0 be the equation to the Absolute conic in any plane in the notation of 
Ordinary Geometry. If (jq, s,), (x. : , y.,, z : ) be any two points, the coordinates of 
any point on the line joining them are proportional to j\ — A x. 2 , ?/, — Ay,, z x — \z. z . 
Hence to find the Absolute point-pair we have the equation 


Ujj — 2\U i2 +A~U 2 o — 0 .... 

with the usual notation. 

Let S be the generalised distance between the points 1, 2. Then 


( 1 ) 


8= Jo: 


2 & X, 


where X,, X 2 are the roots of the quadratic equation (1). Hence 


-— 3*1 - 


e 2J '+e 


_v+v 


therefore 


that is, 




e « +e -*n 2 _ ( X L t5S) 3 
2 J 4X,\ i 

CO£T 8= — ~ • 

1 11 * 1 22 


( 2 ). 
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6. As the triangle of reference take any self-conjugate triangle with respect to the 
Absolute conic, so that the equation to the conic becomes 

i« s +gy s +« 2 = o. 

Then U j 2 =px x x. : + (72/ j?/a+ > "Zfa, and 


cos 2 8: 


. ij'' r i r 2 +//.*/ i?/a + 

’ ( Pi 2 + <l!li + rz ! 2 )( P'V + v//. 2 + »~ s 2 ) 


This suggests a new system of coordinates. Let (x, y, z) denote the cosines of the 
generalised distances from the angular points of the triangle of reference, of a point 
whose coordinates were (aq, y l , z x ) in Ordinary Geometry. 

Then 


x~ 


V x \ 


- v &c. 


Hence 


2ix x ~ + qy l l + rz l i 
x"+y~+ z~=l, 

and the equation to the Absolute conic is 

£C 2 + // 2 4-2 2 = 0. 

Then if 8 denote the distance between two points (x, y, z), (./, y , z'), 

cos §=xx'-\-yy'-\-zz'. 

7. If ( l , m, n) be the coordinates of any point, the equation to its polar line with 
respect to the Absolute conic is 

lx-\-my-\-nz-=0. 


Here (1, m, n) may be looked upon as the coordinates of the pole, or the tangential 
coordinates of the line, indifferently ; and we shall always suppose that 

Z 2 +m 2 -|-« 2 = 1 . 

The form of the equation shows that a point is distant one right angle from any 
point of its polar. From this theorem, we deduce by Reciprocation, that a given line 
is perpendicular to any line through its pole. Hence the sides and angles of any self- 
conjugate triangle with respect to the Absolute conic are all right angles. Such a 
triangle is called a Quadrantal triangle. We can now give a new interpretation of 
the coordinates (x, y, z ) ; they are the sines of the perpendiculars from the point let 
fall on the three sides of the triangle of reference. 
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8. The angle between two lines is equal to the distance between their poles ; i.e., if 
6 be the angle between two lines whose poles are (/, in, n), (V, m, n), 

cos 0=U'-\-mm'-t-nn. 

To draw a perpendicular from a point to a line, we have only to join the point to 
the pole of the line. In general we can draw only one perpendicular from the point 
to the line, but if the point be the pole of the line, every line through it is a 
perpendicular to the given line. Let nr be the sine of the perpendicular from a point 
(x, y, z) to a line 

lx-\-my-\-nz—Q. 


Then nr denotes the cosine of the distance of the point from the pole of the line, 

therefore 

m=lx-\-my-\-nz. 


The equation to the line joining two points (x\ y , z), (x", y" , z") is 


x y 2 

x y z 

// H /i 

x y z 



The equation to a line drawn from a point (/, \f, z') perpendicular to a line 
lx-\-my-\-nz — 0 is 

x y z 1=0 

tf f 

x y z 
l in n 


9. We now proceed to establish the Trigonometry of any plane. Let A B C be a 
triangle, and, for simplicity, let O be an angle of the triangle of reference, and let A, B 
be the points 1, 2. Denoting the sides of this triangle by a, b, c, we get 


cos c=ar 1 a’ 2 4-y 1 y 2 +Zj2 2 
cos a—z i 
cos b—Zj 


Again, the equation to the absolute pair of lines through C is 

X 3 ~ l~y e =0. 

It is easy to see that the formula 


cos 


TT 8 

8 8 = l2 - 
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is applicable to this case also, therefore 


and therefore 
Hence finally 


pn „2 (~1 (‘* V r 2 _ . 

(*i+yiX x »+ya*y 


x i x n +y 1 y 3 =sin a sin b cos C 


cos c — cos a cos 6-fsin a sin b cos C. 


From this equation may be deduced, as in Spherical Trigonometry, the relations 

sin A sin T> sin C 
sin a sin It sin c 


Hence the geometry of any plane in elliptic space is the same as the geometry of a 
sphere in ordinary space. A straight line in the plane corresponds to a great circle 
on the sphere. But further, the distance between any two points measured in the way 
we have indicated is periodic, the length of a complete period being 27r. Hence we 
infer that the radius of any great circle of the sphere is unity. Thus any line and 
any plane may be supposed to have a uniform positive curvature unity. 

Hiemann, in his memoir “ On the Hypotheses which lie at the Bases of Geometry,” 
speaks of the curvature of an n-fold extent at a given point and in a given surface 
direction ; he explains it as follows : — 

Suppose that from any given point the system of shortest lines going out from it 
be constructed. Any one of these geodesics is entirely determined when its initial 
direction is given. Accordingly we obtain a determinate surface if we prolong all the 
geodesics proceeding from the given point and lying initially in the given surface 
direction ; this surface has at the given point a definite curvature, measured in the 
manner indicated by Gauss. This curvature is the curvaturo of the n-fold continuum 
at the given point in the given surface direction. 

If we construct a surface at a given point of elliptic space in any direction in the 
way thus indicated, the geometry of such a surface is the same as that of a sphere 
of unit radius in ordinary space. Thus for all points and for all surface directions 
the curvature will be unity. Hence elliptic space is said to have a uniform positive 
curvature. 

10. The general equation of a conic, in the notation of ordinary space, is a homo- 
geneous equation of the second degree. Hence, when we pass to the new coordinates, 
the equation to a conic will still be homogeneous and of the second degree. If we 
choose our triangle of reference to be the self-conjugate triangle common to the conic 
and the Absolute, the form of the equation becomes 


A X- -f- By 3 + Cz~ = 0. 
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The sides of this triangle of reference may be called the principal axes of the conic. 
The condition that an equation of the second degree should represent two straight 
lines, is that the discriminant should vanish. If we consider the equation 


S=%H2/ 3 +2 2 ), 


and make the discriminant vanish, we get three pairs of lines, which are the repre- 
sentatives of the asymptotes in ordinary geometry. If we take the form of the 
equation referred to the principal axes, we see that a pair of these lines passes through 
each angular point of the triangle. The asymptotes, however, no longer touch the 
conic, but are the six lines joining the four points of intersection of the conic with 
the absolute. 

11. If the equation to a conic be 


a?'b 2 



0, 


the tangential equation becomes 

crl~ + =0. 


The tangential equation of the absolute is 

0. 

The foci of a conic may be defined to be the six points of intersection of the 
common tangents to the conic and the Absolute. Confoeal conics are those which 
have the same common tangents with the Absolute. Hence the tangential equation 
of a system of confoeal conics is 

a~P-j-h~mr -f c~>r -f \( f ’ -(- m" -}-« 2 )=0 

and therefore, in point coordinates, the equation to a system of confoeal conics is 

T 2 V 3 ~ 2 

— — 4- - v - — 4- - — o 
a 2 + \ WZ + X^V + X * 


Thus confoeal conics have the same principal axes. Also it may he shown in the 
usual way that confoeal conics cut at right angles, and that two confocals can be drawn 
through any point in the plane. 

12. The equation to a circle whose centre is (l, m, n), and the cosine of whose 
radius is r, is 

lx-{-my-\-xz—r ; 

or, making it homogeneous, 


my-^-nz) i =r 2 (x 3 -\-y~~{-z~). 
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The form of this equation shows that a circle is a conic having double contact with 
the Absolute in the two points in which it is met by the polar line of the centre of 
the circle. 

Many other interesting properties of conics may be worked out by means of these 
equations, but as they will not concern us we pass on at once to the geometry of three 
dimensions. 


Solid geometry. 


13. As before, we refer the Absolute quadric to a self-conjugate tetrahedron. Let 
the equation to it, in any system of plane coordinates of ordinary space, be 

pet" <]P,~ + )' y~ -f s! S 2 = 0. 


Then, if 6 be the distance between the points 1, 2, 

«n r i” a i M 2 + '//3i/3 a + r Yi7j + *Md 3 . 

[ petf + 1//3 j 2 + ryf + s8, 4 ][ p« 9 s + 'iftz + + K&fJ 

This again suggests a new system of homogeneous coordinates. Let (.r, y, z, u) 
denote the cosines of the distances of the point (a, /3, y, S) from the four angular 
points of the tetrahedron of reference. Then 

r 2 = &c 

r u- + IJ ff 2 + ry i + .^’ 

For any real point 

J o | o I o , O -g 

x'+y-+z-+v~=\. 


The equation of the Absolute quadric in these coordina tes is 

^+y 2 +2'*+«'==o. 


Also if 6 be tho distance between two points (x, y, z, u) (x , y , z, a), we liavo 

cos 0= xx +yy'+zz+ uu. 

14. If (l, in , n, p) be the coordinates of a point the equation of the polar plane with 
reference to the Absolute quadric is 

lx + my + nz + p u = 0 . 

In the equation to any plane we shall suppose the coefficients such that 

P + m" 4 - 1 

2 r 


MDCCCLXXXIV. 
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and then (l, m, n, p) will be regarded indifferently as the coordinates of the pole, or 
the coordinates of the plane. The distance of a point from any point of its polar plane 
is a right angle; and from what was proved for two dimensions it follows that any line 
passing through the pole of a plane is perpendicular to tho plane. The lengths of the 
six edges and the angles of all the faces of the fundamental tetrahedron are all right 
angles. Such a tetrahedron is called a quadrantal tetrahedron. The coordinates 
(x, y, z, v) are the sines of the perpendicular distances of a point from the four planes 
of reference. If we put u=0 in any formula the system reduces to the same coordi- 
nates as were used in two dimensions. Let vs denote the sine of the perpendicular 
from any point (x, y, z, u) to the plane 

lx-\-my-\-nz-\-pu—Q, 

then vs is the cosine of the distance between (x, y, z, u) and the pole of the plane, 
and therefore 

bt= lx-\-my-\- nz -\-pu. 

The angle between two planes is equal to the distance betAveen their poles, so that 
if 6 be the angle between the two planes (I, m, n, p), (/', m, n, p), 

cos 0=W +vtm uri - \-pp . 

15. A straight line may be conveniently specified by six coordinates, as shown 
by Professor Cayley. Let (x, y, z, 71 ), (x, y , z, v') be two points on any line, and 
(/, in, v, p), (!', in', n', p') two planes through it, so that 

lx my -f- n z + pn = 0 | 

I'x -{-my -j-i/z -( -p'u = 0 I 


lx' -j-my' -\-nz -\-pu =0 
I'x + vny' + nz -\-pu — 0 

Eliminating l between the first and third equations we get 


0+"/» ( X7j —x'y)—n{zx— z'x) -\-p (xu' — x'u)=0 

Similarly, 

0 -\-7n'(xy / — x'y) — n'(zx' ' —z'x) -\-p\xuf — x'u ) = 0, 


and we can obtain other equations of similar forms in the same way. Let a, b, c, f, y, h 
denote respectively the quantities 
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then 


yz' — i/z, zx' — z'x, xy' — x'y, xu' — x'u, yu' — y'u, zu' — z'x, 

. — cm -{-bn —fp = 0 
d . — an — f/p—0 

— hi -{-an . — hp — 0 

. — 0 


There is a similar set of equations obtained by writing l', m, n', p' for l, m, n, p in 
these equations. 

Taking the equations 

— cm -\-hn —fp =0 
— cm' -{-bn — fp— 0 

and eliminating f, we have 

c{mp — m'p) = b{np' — v ']>) 


Proceeding in this way, and eliminating the other letters in turn, it is easily seen 
that 

a : b : c : f : <j h 

— Ip — Vp : mp — nip : np — np : mn — m'n : nl' — n'l : I'm — I'm. 


Choose the planes (l, in, n,p), ( l in', n, p) to be at right angles, and the points 
( x , y, z, u), (a?', y', z', u ) to be distant a right angle ; then 

(i Ip — l'p)’-{- ( mp ' — mp) n --\-{np’ — n'p)--{- {mn'— m'nf- J- {nV — n'Tf-{-(Jm' — I'm) 2 
= nn'+p 2 >y 

= 1 , 


and similarly it may be shown that 

{yz' —y'zY+{zx —z' xy+{xy' —xyY-{- {xp —x'pY+^jp —y'pf-\- {zp'—z'p) 2 — 1 . 
Hence 

a = yz' — y'z —lp—1'p, 

and so on for all the letters, and 

tf+V+ct+f+f +**= 1 . 


From the forms of a, b, c,f g, h, it is easy to show that there is an identical 
relation between them 

<f-{-bg+ch,=0. 

2 r 2 
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The quantities a, b, c,f, g, h, are thus reduced to four independent variables and are 
called the six coordinates of the line. 

16. If we interchange the letters (,r, y, z, u) with the letters (l, in, n,p), we get tho 
polar line of the first, llenco the coordinates of the polar line are 

f, 3> K a, h > <*• 


Tlie co-ordinates of the line joining two points (x, y, z, u), (x\ y' , z' ', u') distant an 
angle 6 from each other, are 


?/' -y~ 


Similarly for the line of intersection of two given planes. 

It has been incidentally proved that the conditions that a line a, b, c, f, g, h should 
lie in a plane /, in, n, p, are 

— cm-^-bn — fp — 0 
d . —an—gp= 0 
— bl-\-am . — hp = 0 

fl -f -gm-\-hn . =oJ 



which are equivalent to two independent relations. These are also the conditions that 
the polar line f, g, h, a, b, v should pass through the point (/, m, n, p). 

The coordinates of a line through a point (x, y, z, u) perpendicular to a plane 
(l, in, n, p) are 


where 6 is the angle between ( x , y, z, it) and the point (l, m, it, p), which is the pole of 
the plane. 

17. We shall now find the length of the perpendicular from any point (x, y, z, it) to 
a line a, b, c,f, g, h. 

Let (I, in, n, p), (l\ vi, n', p) be two perpendicular planes passing through the line. 
Let rar,, ts.> be the sines of the perpendiculars from (x, y, z, it) on these planes, and 
let ct be the sine of the perpendicular on the given line. Then by Spherical 
Trigonometry 

o _____ o | 2 

T!X~ — TUT | ~ TIT a • 

Now 

lx -\-my -\-nz -\-pu 
T3 2 =l’x-\- in' y-\-n'z-\-p u 
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therefore 


vrji' 

— md = 

1 

+ 

*3 

—art 

rspn 


hx . —fz‘ 

— hit 

mpt 

TTToW — 

-;/x+f z . ■ 

— cu 

w i P 

— TS 2 p = 

ax-\-by-\-('z 

. 


If we square and add these equations, the left side becomes ; hence 


r=^+^+% s +r)+r(-H«1+/ ! (/+«Hf(* S +^)+¥+r) 

+ 2 yz (be — yli) + 2 zx ( ca —/</*) + 2 xy(a b —f<j) 

+ 2 xu(cy — bk) + 2;/u (ah — t f) + 2 zu (bf — ag). 


18. Any line which meets a given line and its polar, cuts both perpendicularly, and 
the length of the part intei’cepted between them is a right angle. If we have two 
given lines in space, which do not meet, we can, in general, draw two lines cutting 
both perpendicularly ; these are the two lines which can be drawn meeting the two 
given lines and their polars. These two common perpendiculars are conjugate to each 
other with reference to the absolute. 

Let (a, b, c,f, (j, h), (a', V , f, (j\ h') be two given non-intersecting lines, and let 8 
be the length of one of their common perpendiculars. Draw a plane (/, m, n, />) through 
8 and the first line, and another plane (/', m', p) through 8 and the second line, and 
let 0 be the angle between these planes. Draw also a plane (X, fi, v, vs) through the 
first line and perpendicular to the plane (l, m, r> , p), and (X', p, v , vs r ) through the 
second line and perpendicular to the plane (/', in' , n\ />'). Then we have the following 
relations: — 

IX +777/X +nv = 0 
I\' -\-mfji' -\-nv -f -pvt' =0 
I'X -{-mp -\- riv -\~p'ts =0 f 


l'\ nv-\-i/z$'= 0 J 


Now 


Hence it follows that 


II' -\-mm -\-nri = cos 9 

X\!-\-pp -\~VV -j =■ cos S 


a = mv ~-pn, &e. 
a =m v —/x n , &c. 


aa'+bb'+co'+ff'+gg '- f hh! 

— (IV mm' + 1 a i + j p')(W pp' -\-w r -\-vsvs’) 

— -\-rnp -\-nv-\-pvs')(V'k+m f p~\-ri'v-\- p r vs), 
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and therefore 

cos 6 cos h—aa'fbb'fcc'+ff'fgg'-^-hh'. 
19. Again, if we expand the determinant 

l m ii p 

X p. V TS 

i m v 2' 

/ / / 

fi v rs 

it becomes 

by' + ch' -j- f a ' -\-yb' + he 


Now, squaring the determinant, we get 

A 3 = 


Hence 


1 . cos 0 

1 . cos 8 

cos 6 I 

. cos 8 . 1 

= 1 — cos 2 9— cos 2 8+ cos 2 6 cos 2 8 
= sin 2 0 sin 2 8. 


sin 0sin &=af' -\-hg'-\-ch' -{-fa-\-gb'-\-hc. 


These formulae remain unchanged if we pass to the other common perpendicular, or 
if we take the two polar lines instead of the given lines. 

If the lines meet one another 

af + b(j -j- ch! -) -fa ' + gb’ -\-hc— 0, 
and then the angle between them is given by the equation 

cos 0= a a + bb’ + cc -f ff + hh'. 

20. The equation to a sphere, whose centre is (l, m, n, ]>) and the cosine of whose 
radius is r, is 

lx -|- my + ns +pu = r. 

This may be written in the homogeneous form 

my +n2 +pw } 2 = r"(x~ + y 2 + s 2 + n 2 ). 

Hence we infer that a sphere is a quadric touching the absolute quadric along its 
intersection with the polar plane of the centre of the sphere. The polar plane itself is 
a particular case of a sphere, the radius being equal to a right angle. 
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21. The general equation of a quadric is a homogeneous equation of the second 
degree in x, y, z, u. By an orthogonal transformation we know that we can rid the 
equation of the products of ( x , y, z, it ) , and at the same time keep x‘ l -\-y~-\-z l -\-u i 
unchanged. The equation will then reduce to the form 

A* 2 +By 3 +Cz 2 +Da 2 =0. 


The tetrahedron of reference is the common self-conjugate tetrahedron to the given 
quadric and the absolute. The six edges may be called the principal axes of the 
quadric. 

The equation to a system of confocal quadrics may, as before, be shown to be of the 
form 


. , t . J?L I 

ct~ -f - X b~ “f- A. c -f~ \ ( l - X 


: 0 . 


Hence confocal quadrics cut at right angles. 


The kinematics of a rigid body. 

22. By a rigid body we mean a collection of particles so bound together that the 
distance between any pair of them remains the same, however the system be moved 
in space. In general, if we assume an arbitrary system of measure-relations as the 
basis of our definition of distance, a rigid body could not exist. But it is pointed out 
by Riemann in his paper “ On the Hypotheses which lie at the Bases of Geometry/’ 
that the special character of those centinua, whose curvature is constant, is that 
figures may be moved in them from one position to another without stretching. This 
may be illustrated for two dimensions, by saying that any figure traced on a spherical 
surface may be moved from one position to another on the surfaco without deforma- 
tion. But on the other hand, a figure traced on the surface of an ellipsoid, or other 
surface for which the curvature is not uniform, can exist in one position only. Now 
in elliptic space there is a uniform positive curvature ; hence we assume that, a figure 
which exists in one position can exist in any other position of space without changing 
the distance between any two of its points. The same result is arrived at by Klein, 
by showing the possibility of finding a linear transformation, which transforms the 
absolute quadric into itself. 

23. A point is always distant a right angle from any point of its polar plane. 
Hence a point and its polar plane always move together like a rigid body. 

A displacement which leaves all the points of a given line unchanged in position, is 
called a rotation about that line. If we take any two fixed points on the line, the 
distance of any point of the body from each of these remains unchanged. Hence it 
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follows, by Spherical Trigonometry, that the point describes a circle, whose centre is 
the foot of the perpendicular let fall from the point to the axis of rotation. In the 
case in which the point lies on the polar line of the axis of rotation, the radius of the 
circle is a right angle, or in other words the circle becomes a straight line, viz., the 
polar line itself ; so that any point on the polar line of the axis of rotation remains 
on that polar line. 

A displacement which leaves all the planes through a given line unchanged in 
position is called a translation along that line. In such a displacement the poles of 
these fixed planes will be fixed points ; in other words, all the points of the polar line 
are fixed. Hence a translation along any line is also a rotation about the polar line. 
If we measure a translation by the distance through which any point of the line of 
translation is moved, and a rotation by the angle through which any plane through 
the axis of rotation is turned, we see that a translation along any line is exactly the 
same thing as an equal rotation about the polar line. 

In elliptic space a translation has a definite line associated with it, just in the same 
way that a rotation has a definite axis. A translation through four right angles 
brings a body back to its original position. 

24. In working out the kinematics of a rigid body, we shall suppose a quadrantal 
tetrahedron fixed in the body, so that the whole theory will depend on orthogonal 
transformation. Let (/, in, n,p) h 2t3>+ be the coordinates of the four angular points of 
the quadrantal tetrahedron moving with the body, referred to a fixed quadrantal tetra- 
hedron in space. Let (x, y, z, u) be the coordinates of a point referred to the fixed 
tetrahedron, (.r (J , y 0 , z 0 , u 0 ) the coordinates of the same point referred to the other 
tetrahedron. 

Then 

a'u — / r r-+- w yy + n , z+yqw 
y^lyc+mM+vf+j^n 
z 0 = / s x -f n/g/y + ihjZ +y> 3 » 
u 0 = l^x + w <,g/ -f n t z + p t u 


If we square these equations and add them and make 

•T 0 2 + y/ + nf + w 0 2 = 1 

for all values of ( x , y, z, u), we find relations among the coefficients, of the types 


h* W W +h* =1 

h m i + h m z + = 0 
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Again multiplying the expressions for x 0 , y w z 0 , u 0 by l lt L, / 3 , l it , respectively, and 
adding, we get, by virtue of these relations, 

*= IiXq+ h%+ h z i ) + h"w 

and there are similar expressions for y, z, u. 

If we square and add the new set of equations, and make \ for all 

values of x 0 , y 0 , z 0 , u 0 , wc find another set of relations among the coefficients, of the 
types 

/ x 2 +’ n i S i 3 +/b 2 

We may include all these equations in a scheme similar to that used for orthogonal 
transformation in ordinary geometry 



X 

y 

z 

u 

x 0 

h 

m x 


Pi 

Ho 

l. 

7)U 

« 2 

Pi 

z n 

k 



Pa 

«o 

h 


>h 

Pi 


In this scheme, the sum of the squares of any row or column of the determinant is 
unity ; and the sums of the products of the corresponding terms in any two rows, or 
in any two columns, is zero. 

The square of the determinant by means of these relations reduces to unity, so that 

A 2 =l. 

If the positive directions of the edges of the tetrahedron retain the same relative 
positions towards each other, so that the tetrahedron could be moved into its new 
position, we must take A = + 1 . This may be easily verified for simple cases. This 
is the only case that concerns us in the motion of a rigid body. 

Comparing the equations 

Ax 0 = .r 0 L t -f- 2/ 0 L 3 -f - z 0 L 3 + Poh'i 
x=l J x 0 +^0 +l 3 y 0 o J 

where Lj, L 3 , L 3 , aro the minors of l lf l 2 , l 3 , l it we see that each constituent in the 
determinant A is equal to its minor. 

25. Let the coordinates of the edges 23, 31, 12, 14, 24, 34 be («, b, c-,f, <j, /t)i, 3 , 3i4i6>c . 
From the transformation of x 0 , y 0 , z 0 , u 0 it is easily seen that 

(y<p'o—yo%)=(y^~ z yl( 1, h 1 h— n h 1 h)+ • • • to six terms, 

MDCCCLXXX1V. 2 Q 



298 


MR. R. S. HEATH ON THE DYNAMICS OP 


that is 

rt 0 = art] + + ccj i + (J9i + hh v 

This and similar equations give us the formula) for transforming the coordinates of 
a line. The transformation is orthogonal, and proceeding as before, we may use another 
transformation scheme, viz. 

a b c f g h 

«i &i <i /l S'! 

a 2 h, c, f, g. 2 k 2 

°s c 8 ./a 9z h'A 

«t 6* <4 /* & 

| c 5 / 0 <jr 6 /% 

((,5 c„ ,/« <7c 


«0 
?>o 
< ; o 
/u 
9 0 


This determinant possesses properties similar to those proved for the other deter- 
minant ; the sum of the squares of the terms in any row, or any column, is unity, and 
the sum of the products of corresponding terms in any two rows, or in any two columns, 
is zero. 

26. From this scheme it follows that the coordinates of the edges of the fixed 
tetrahedron referred to the other will be (u„ a. 2 , a 3 , a. h a., a 0 ), &c. There are other 
relations between tho constituents of the determinant, due to the fact that opposite 
edges are conjugate polars with reference to the absolute quadric. Thus 

h-9% 

fi— a i J 9\=h 

If we square the determinant we get 

D 2 =l. 

As before we take D= 1 ; in fact, D is the determinant formed out of the second 
minors of A. Whence 

D=A 3 .* 

Hence if we choose A=1 we must have D=t also. 

Each constituent of the determinant D is equal to its minor. Also each minor of D 
is equal to its complementary minor. 

27. In any displacement of a rigid body there are always two lines which remain in 
the same position after displacement. 

* Cf. Scott’s “ Determinants,” chap, v., § 9. 
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For Jet a, b, c,f g, h be the coordinates of a line which remains unchanged. It 
suoh a line exist, we must have 


0=a(cq — 

1)4 ■bb l 

+cc x 

+//. 

+ggi 

+hh x 

0=a« 2 

+b(b>- 

1 )+ CC 2 

+/A 

+gg-2 

4* hh 2 

0=aa s 

-f~bb 3 

4-< r '( c 'a — 

1 ) 

+gg 3 

-\-bh 3 

0 =oo % 

+ ?A 

■4" cc* 

+/(./;- 

1 )+99* 

+1A 

0 =aa 5 

4* bb n 

4-cc 5 

+.m 

+. 7(^5 ~ 

1) +hh- t 

0 =aa„ 

+ h K 

4-«% 

+//« 

+ 99 * 

+HK 


These equations are not independent ; they are equivalent to four independent 
equations only. 

We proceed to eliminate g and h between the equations 2, 3, and 4. The deter- 
minants thus introduced can be simplified by virtue of the relations between 
(l, m, n, Thus 


( f jJh)=( m 3lh 1 Ih-^zPi ) - (»»1 2h- m -2lh) (»3 Pi - »iP*) 


Similarly 

Again 


Similarly 


—P\ { m z ( n . l Pi — n iPi ) + m AhPi ~ n j Pi ) + m i (thPs — n a Pi) 1 
— —Pih 

{gJh)=Pik (gA) = -Pik- 

«4.( gJA + Mg A) + Mg A) 

= ~2h [h( m \ n i— »h'» i)+h( n h^h—' il h^h)+k(m 1 n 2 -m,n 1 ) ) 

= Pi{™vk n \— 

b,(gA) "t" (b'i 1 b-A/A) — “PAi^h) 

MgA) 4~ c 2(gA) “b( c s ^){g J , 2) == Pi(h ~b 111 1 ) 

(/*— i)(g-A)+MgA) +Mg A) — Piih+Pi)- 


Hence (finally) 

— P\b( n \ + h) +P\ C A s + m 1) + Pifih+Pi ) — °* 


By a similar process we arrive at the following equations 

• +&( 7 h +^3) ~ c (h ~\~ m i)~~f(h -Hh) = ® "1 

-a(m 3 +w 2 ) . +c(/ 2 +m 1 )-y(m 4 +p 2 ) = 0 [ 

a(w 3 +n 3 ) — +Z 3 ) . — ^K+2> 3 ) = ° | 

Ah + Jfi) +gh‘h+Ph)+ h ( n i+Pa) • =°j 

2 Q 2 
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Again, since a x —f x , b^—g^, c A —h x , &c., the last three of the original equations are 
the same as the first three, with f g, h written respectively for a, b, c. Hence these 
three give rise to the group of equations 

+9(»i + k)— f i(k+ m i)— n {h +Pi) = ° 

—f(m s+%) • +h(L+'»i l )—b(m i +p.,) = 0 

f('»h+ n J-g( n i + h) ■ — e(»*+i> 3 ) = 0 

<Ah +ih)+^( w 4+i>2)+^(%+i> 3 ) • =o 

It is not difficult to show that the first three equations of the first group, with the 
last of this group, contain all the rest. 

Besides these wo have the equation 

af-\-bg- \-ck=0. 

If we substitute for f g, h, their values in terms of a, b, c, it becomes 

(h~\-pi)bc{(n i ,-{-p :x )(l. 2 -\-m l ) — (m i -{-p. z )(n l -\-l. i )}-\- two similar tcrms=0. 

This with the equation 

«( , i+2h)+ h ( m i+pJ+c(n i +Pi)= ( ) 

will give us a quadratic in the ratios of a : b. 

Hence there are two lines which remain fixed during any displacement. Sinco the 
equations to find /j g, h are exactly the same as those to find a, b, c it follows that one 
of the lines will be the polar of the other. 

The above work implies that the determinant 

o | 1 , h x , Cj , . . . 

, b.i ~~ 1 , Cjj , ... 

O;; , b ^ j , (.'jj™ 1 , ... | 


vanishes. I have verified by actual calculation and reduction in terms of (l, m, w,p), li2i3i 
that the determinant and all its first minors vanish ; but the work is too long to be 
reproduced here. 

Expressing the fact that two lines remain fixed during any displacement in kine- 
matical language we learn that any displacement whatever of a rigid body may be 
produced by two rotations, about two lines which are conjugate to each other with 
reference to the absolute. Instead of rotations wo might have said translations ; or, 
expressing one of the rotations as a translation along the polar line of its axis, we 
learn that any displacement of a rigid body may be effected by a rotation about a line 
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and a simultaneous translation along it. Instead of the line we might equally well 
have used its polar. 

28. Suppose the position of any rigid body determined by the coordinates of the 
angular points of a quadrantal tetrahedron fixed in the body. Then, for a displacement 
of the body, we have the equations 

x=l v x 0 +l z y 0 +/,z 0 +4 W <* ~j 
y=m x ,r 0 + + m 3 z 0 + to 4 « 0 ^ 
z=n,x 0 + vjj 0 + ib A z Q + v i: m 0 j 
u=p v ? v +pyi/o +ih z 0 +iv "0 J 

The sixteen quantities l u L, &c., have relations among them, and it is possible to 
express them all in terms of six properly chosen variables. These new variables 
Wj, (o 2 , oj 4 , a>-, co (i are thus defined : — • 

w i = 4pi + 4.^3 + 4Ps + 4ifh. 

w. z =m l 2) ] + W 2 P 2 + 

"3= ? hFl+ W 2P3 + n slh + n iPi 

• t • # 

= Wp? ! + mpl o + W 3 « 3 -f m P> y 

+ n 2^2 + n J 3 + w i/ t 

6J(j — Zp?lj — j” 4*^2 -j-ZpJi.j, 

Since 

4 Pi + liPz+hp-i+hPi — 0 &c - 

we immediately deduce six other equations by differentiation. These arc 

— — -\-Lp 2 +/ ; p> 3 + 4dh 

— wiopa+wijtPa 4- mtp.4 

“‘o 3 =”iih + >hPz + » 3 Pa 

— u). l —m l n 1 +vipn 3 -\-m l in i 

— W 5 =a,/ 1 + » 2 4 + %4 + 'b4 
— to 0 =Z 1 m 1 +4 wi a +4 m t ^ 

And besides these, we have the four equations 

0=1,1, + 44 + 44 +44 

O^mim^mpiLj+TOgmg+mpr. * 

0=7v,j?ij +jw« 2 +«a w 3 + npi^ 

0 ~ViPi +PPP-1 +PaP 3 +P*Pc 
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From these it follows at once that 

* P\ WjTli | 0 . — 

In this way we arrive at the following equations : — 

Zj — . - *- 

W-j — OgZj • oy^fiy “™" ^nPi 

Pi— < “A+ <u 2 Wi l + ft, 3? > l 

and similar equations hold for the other suffixes. 

29. Substitute these values in the equations for x, y, z, u, and make the variable 
tetrahedron instantaneously coincide with the fixed tetrahedron ; then 

"N 

x— . — a) u y-{-ci> 6 z — &>jW 

V— w (i aj . —o).z—a>. z u _ 

z = — (t)-x-\-w^y . — aifii 

u= w l x-\-<A>.yj+(i>, J z . 

To interpret the &»’s suppose all except one (say oq) to vanish. Then y, z vanish ; 
therefore the distances of the moving point from the angular points 2 and 3 are con- 
stant. Hence the displacement is a rotation about the axis 23. If we put u— 1, we 
get x= — to,. Hence <o 1 is the angular velocity about the axis 23. This angular 
velocity is from the angular point 1, towards the angular point 4. 

Assuming the principle of superposition of small motions, we may say that the 
equations give us the rates of change of the variables x, y, z, u, due to a motion, which 
is the resultant of angular velocities <a u co 2 , cu 3 , tu 4 , co 5 , <d c , about the six edges of the fixed 
tetrahedron, 23, 31, 12, 14, 24, 34 respectively. 

30. In exactly the same way we may express the variations of l, m, n, p, in terms 
of six other variables, 6 V 0%, 0. 6 , 0# 0 5 , 0 O , defined as follows : — 


0 1 — Z 1 Z i +m 1 TO 4 4’ ,i ji w 4 + PiPi 

0-Z=hh+ m 2 m l+ n 2 n 4+P-2p4. 

0‘i = i n 3 n i: -f ’P'dPi , 

0 i= hh+ m a w 3 + v 2 n 3 +p 2 p. A 

0t, — hh+ m sPh “l” '‘ph “h P:i V i 

111^11, + 71^1+ _ 
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These equations give us 

k— • + ~ ^ 3 + Q\ h 

h=~0ek • +^ 3 +^ 4 , > 

hi— @i,h~0J'2 ■ + 0 s h f 

i 4 .— —0 l l l —0. i l 2 —OJz • J 

and similar equations in m, n, and p. 

It will be seen that —0 V —0.,, — 0 3 , — 0. h , — 0 6 , — 0 n , are formed from the coonlinates 
(l lt l 3 , Zj.), &c., in exactly the same way as <u,, co. z , o> 3 , w 4 ,, <u 6 , w 6 , were formed from 
(l, m, n, p), &c. Hence, if we regard the variable tetrahedron as fixed, the other 
tetrahedron will have angular velocities — 0 1} — 0 3 , — 0 3 , — 0 + , — 0 6 , — 0 O relative to it. 
Hence, reversing the motion, we see that 0,, 0 3 , 0 3 , 0 4 , 6$, 0 C> are the angular velocities 
of the moving tetrahedron about fixed axes instantaneously coinciding with its own. 
31. By definition, 

9 i=hh+ m i m 4+ n i‘>h+Pilh- 


Substitute the values of / 1( m v n v p x in terms of the w’s ; then 


i.e., 


0 l =<o l {ldh-kVi)+^z( m iPi- m ^i)+^h2h- 1 >-dh) 

— *>1/4 + ^+ w 5^4 + w G <: 'l. 

0 i = w y a x -\-o)ob 1 -\- c o^c l -\-(o i J ] -{-(i) b g l -\-o) e> h l 


Similarly for the other 0’s. Hence the 0’s can be expressed in terms of the oi’s by 
the same transformation scheme that was used for expressing a 0 , b 0 , c 0 ,f u , <j 0 , h 0 , in terms 
of a, b, c,f g, h. 

32. This result gives us the law by which angular velocities and translations are 
resolved. For suppose all the 0’s zero except 0 U then 


« l i 1 =a 1 0 1 '' 
o>«—b x 9 j » 

w 3= C l^l. 


«4=/i*r 

" 5=171 #1 )• 
®«= A 1 01- 


In other words, any angular velocity 0, about a fixed line (a, b, c,f g, h) is equivalent 
to component angular velocities ct0, 60, c0, fd, g9, h0 about the six edges of the funda- 
mental tetrahedron respectively. 

A translation along a line may be resolved into translations along the six edges 
according to the same law. 
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Henco, the component angular velocity about a line (a u by, c u f x , g lf hy) of an angular 
velocity 0 about (a, b, c,f, g, h) is 

0(aaj +bb l + cc , -\-fj y+ggy+hhy) 

If the lines meet, this law is similar to the parallelogram mic law in ordinary space. 
To find the component angular velocity about any line, we multiply the given angular 
velocity by the cosine of the inclination of the line to the axis of rotation. 

Also the component translational velocity along the line (a 1? & lt c\,f v g v hy) due to 
the same angular velocity 6, is 

%/i + hg x + ch y+fa , +gb l +hc l ) 


Hence the expression afy 4* bg x -\-ch t -{-fa , -\-gb x denotes the velocity along one 

line due to a unit angular velocity about the other. It is sometimes called the moment 
of the two lines. 

33. We shall next find the rates of change of the coordinates of a line, due to the 
angular velocities w 1 , w :> w ;i , to., a> t .. 

Take two points ( x , y, z, u), (x, y', z, u), distant a right angle from each other. 
We already know expressions 1'or x, y, z, u in terms of the w’s. Now 


«=, u W-y*) 


and therefore 


—y^—zy’+yz—zy 

= (rw fl —zo) t —ua>.,)z' —(—xcor, -^yio^-uu^y' 

+ ( — x (x >- u + y — u’w.^y — (x 'w 0 — zw i — u'oj. 2 )z. 

— ^(xz'—x'z) — (O.^uz'—u'z) + w 3 (jy +x’y)— oi^yu'— i/u) 


Hence finally 

«= . — (x) a b-±-0)- a C . —<!)$-{• (t)Jl 

b — o) a a . — £OjC+ci . — (oji 

c — — . — oj. 2 J co t g 
/ = • — U).J)+0). 2 C . —u> f g+<oJi 

g == w a a • — 

h— — 0)M -f CO yb . 


Since —By, —0 2 , &c., correspond to w„ w 3 , &c., if we apply these formula to the 
edges of the fixed tetrahedron we find 
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«i= • +^c«3 — ^3 • + 03 a r>— <V« 

0.2— Q(, (l 1 • 0 S Ct, t . 

(Zg= ^5^1 ^4®3 • "1~ &o<X^ 

«4= • +0 3 «3 — 02 a 3 • +^6«5 — ^6«« 

05 6 = $ 3^1 ■ 0\ a s 0(, a 4, • ~\~0i Ct, 6 

o 6 = 0/q— . +0 6 a 4 — 0 4 « 5 

34. Let < 7 lf q 2 , q s , q it q h , q n , be any quantities which obey the same law of resolution 
as has been proved for angular velocities ; we can now find the rates of change of 
these quantities, referred to axes moving with the body. Let Q 1} Q 2 , . . . Q 0 , be the 
rates of change of these quantities. Now a l q l -\-a 2 q 2 -\-a s q 3 -\-a i q i -^-a ei q 5 -\-a 6 q 6 is the 
component of the q’s in a fixed direction. Hence we must have 

~l t { a i < l\~ i r a 2 < k~ > r • • • +<V7e)= a iQi+%Q2+ • • • + a r,Qc 

Differentiate out the left side, and substitute for a u a. 2 , a 3 , . . . « 0 , in terms of the 
angular velocities of the moving axes about fixed axes instantaneously coinciding with 
them, i.e., in terms of the 6’ s. Then 

a 1 Q ] -l-o 2 Q 2 + . . . d-OeQfi 

= a i(<h — 06 ? 2 + + %«) 

+ similar terms in a 2 , a 3 . . . a 6 , 

and there are similar equations with b, c, . . . substituted for a. If we multiply these 
equations by cq, b lt c v . . . , and add, we find an expression for Q t . In this way we 
arrive at the equations 

Ql = ?l • B?3 • ^3?5 “f" 02 ( Ia 

Q 2 =q z +0 6 qi . -0/is+%4 • - e Sh 

Q 3 = ?3-%l + %2 • -%4+%5 • 

Qi=fr • -Otfi+Osth • —Qtfh+Q^h 

Qo = ^6 + %1 • -^3+^4 • -%<!■ 

Qe— 2#— • —0^h+0iq& 


Theory of screws. 

35. It has been shown that any state of motion of a rigid body may be reduced to 
a translation along a line and a simultaneous rotation about it. Such a motion is 
MDCCCLXXXIV. 2 It 
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called a twist about a certain screw whose axis is the given line. The same motion 
may be effected by a twist on a screw whose axis is the polar line. Let the angular 
velocities about the edges of the fixed quadrantal tetrahedron due to any such twist 
be Ha, Hb, He, Hf, Hg, Hh, respectively, where 

a 3 +b 2 4-c 2 +f 2 +g 2 +lr=l. 

Then a, b, c, f, g, h, may be defined to be the coordinates of the screw, and H the 
magnitude of the twist about it. The quantity 2{af+bg+ch} may be called the 
parameter of the screw, and will be denoted by k. If k=0, the coordinates are the 
coordinates of a line, and the motion degenerates into a rotation about the line 
represented by the coordinates. 

The locus of lines which have no lengthwise velocity due to a twist about the 
screw, is the linear complex 

a/4- hg + c/i -j-f«-bg£> + he = 0. 

This we shall call (after Lindemann) the Rotation Complex. If Ha, Hb . . . had 
been translations instead of rotations, the same property would have been enjoyed by 
the polar complex 

a« -f b6 -f cc -j- ff-\- SO + hA = 0 . 

This is called the Translation Complex. Any property of one complex has a 
corresponding property of the other. 

The trajectory of every point on a line of the rotation complex is perpendicular to 
the line. Hence the trajectory of any point whatever is normal to the plane which 
corresponds to the point in the complex. 

If we refer back to the expressions for a, b, c,f, g, h, we see that 

a/’+bgr+cA+fa+gt+hc—O 

and also 

act 4" b& -J- cc 4" f/-f g<jf -j- h/t — 0 

Hence, if any line belongs to either complex, it will belong to it after receiving a 
small twist about the corresponding screw. Hence, by superimposing such small 
twists, it follows that both complexes are transformed into themselves by a twist about 
the corresponding screw. 

36. The screw may be replaced by two rotations, or two translations, in an infinite 
number of ways ; any line may be taken as one axis of rotation or translation, the 
other axis being the conjugate polar of the first with respect to the Rotation Complex. 

For let the twist about the given screw be equivalent to rotations \, /a, about axes 
o,, b lt c v /j, g v h v and a 2 , b 2 , c 2 , f 2> g. 2 , k 2 , respectively. 
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Then 

Xla=X« 1 +fio 2 
flb— X/)] V 

lie ”*Xcj J 

Squaring and adding we get 


— Vi +V 

%= Vi +H-9i }► 
D,b=\h 1 -\- fih^ _ 


also 


XI 2 =X 2 -f-/x 2 -j-2X/x cos 6 cos 8 ; 
n 2 k=\fjL sin 6 sin 8 


where 8 is the length of a common perpendicular to the two lines and 6 the angle 
between them. Further, from the form of' the above equations, it follows that if any 
line of the rotation complex meet one axis of rotation, it will meet the other. Hence 
the two axes of rotation are conjugate polars with respect to the rotation complex. 

The axes of the sci'ew are obtained by making the second line the polar of the first. 
This gives 


na=X«,+Vi 

12f=X/i -\-fjiCt j 


&c. 


and therefore 


X 2 +/a 2 =n 2 
X/x = fl~k 


The axes of the screw are conjugate polars with respect to both complexes ; i.e., 
they are the directrices of the congruance formed by lines common to the two 
complexes. 

37. We shall now find the surface corresponding to the Cylindroid. 

Let one twist be defined by the components Ha, Xif, the others being zero ; and a 
second twist by the components Xl'b', Sl'g', the rest being zero. Let the resultant 
motion be a rotation X about a line a, b, c,f, g, h, and a translation g along it ; we have 
to find the surface generated by this line. As before 

X2a [if 1 XI b — Xh-J-p.p'l 

Xlf = X/+/xaJ tl'g=\g+nbj 

and 

c=0, 7t=0. 


Hence the new axis always meets the lines (0, 0, 1,0, 0, 0), (0, 0, 0, 0, 0, 1), i.e., 
the new axis always meets the common perpendiculars to the axes of the given screws. 
From these equations we easily deduce 

2 n 2 
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A(af —fa )—/j.(aa —ff) 

Hbg'-gb')=n(bV-gg') 

Hence eliminating A : /a 

(b'f-a g')(ab-fg) = (ab'-fg')(bf-ag). 

This equation must be expressed in point cooi'di nates. Since c=0 and h= 0, 

x! y' 

— rn say, 

x y 

and 

z' v! 

— =— =n say. 
z u J 

Substituting for x, y', z, v! in the expressions for a, b,f g, the factor (m — rtf divides 
out and the equation to the Cylindroid becomes finally 

(b'f— a g')xy(z 2 +?t 2 ) = (ab ' —{g)zu(x~-\-f). 

This is a surface of the fourth order having the common perpendiculars of the axes 
of the two given screws, for nodal lines. 

38. To find the conditions that any number of twists about given screws may 
produce rest. 

The method here employed is the same as that given by SrOTTlswoonE, in the 
* Comptes Ttendus,’ t. lxvi. 

Let the coordinates of the screws be a 0 , b 0 . . . a u b, . . . , there being n screws ; and 
let, the magnitudes of the twists on them be O 0 , fl t Then the conditions 

that they will neutralise each other will be 

2(na)=0, £(flb )=0 . . . £(fth) = 0 . 

The expression 

+ bog i + c„h j + fo a i + gob j+h 0 ('[ 

is called the simultaneous invariant of the two screws 0 and 1, and it will be denoted 
by (01). Similar expressions will apply to the other screws. The quantity (00) will 
be the parameter of the screw (0). 

B y means of the equations of condition we get 

2(fla)S(nf ) + S(flb)S(fig) + 2(fic)S(flh) = 0. 

Multiply these out, then 

2SnA(bi)+i2n, 5 (v)=o. 


Here t implies summation from 0 to n— 1 inclusive. 
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Now let S' imply summation from 1 to n — l inclusive. Then writing the equations 
of condition in the form 

S (llclj ” “"Oq&Qi &0. , 

we can show, as before, that 

S'(Da)S'(Df )+ ...+... =|« 0 2 (00), 

i.e., 

S'S'n A< v) + iWO',*) = W(oo). 

Subtract this from the former equation, then 

S'D 1 D o (0,l)+D o 2 (0,0) = O. 

In this way we deduce the following equations 

A>(0,0) +O 1 (0, 1 ) + 0,(0, 2) + ... =0 

n 0 (i,o)+n 1 (i,i)+n a (i, 2 )+ . . . =o 
n 0 ( 2 , 0 )+n 1 ( 2 ,l) + ft s ( 2 , 2 )+ ... =o 


The condition that these should be simultaneously satisfied is that the determinant 
should vanish ; that is. 


(0,0) 

(o,i) 

(0,2) ... 

(1.0) 

(1.1) 

(1,2) ... 

(2,0) 

(2,1) 

(2,2) ... 


39. Since (0,1) = (1,0), &c., this determinant is symmetrical. Let [0,0], [0,1], . . . 
denote the coefficients of (0,0), (0,1), ... in the expansion of the determinant. Then 

[0,1]=[1, Oil- 

Then we can solve any (n— 1) of the equations to find the ratios D 0 : ; 0 2 . . . 

Suppressing the first equation we get 

fl 0 :[o,o]=(-irn i: [o,i] 

Similarly, by suppressing the second equation, we find that 

: [ 1 , 0 ]=(— : [ 1 , 1 ] 

and so on. Hence finally 


: fi , 2 : a 2 . . . =[0,0] : [1,1] : [2,2] . . . 
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The determinant equated to zero gives the relation between the coordinates of the 
screws, and these final equations determine the ratios of the twists on them in order 
that they may produce rest. 

In the case of simple rotations or translations the coordinates become the coordinates 
of lines, and therefore, 

( 0 , 0 ) = 0 ( 1 , 1 ) = 0 ... 

(0,1) will be the moment of the lines of action of the translations or rotations, and 
the conditions that the system may produce rest are of the same form as before. 


Kinetics. 

40. The definitions of acceleration, momentum, and kinetic energy of a particle are 
taken to be exactly the same as in ordinary space, and do not need further comment. 

We shall next consider the measure of force. To determine a force completely we 
require a line of action and a measure of its magnitude. We assume that a force may 
be applied at any point of its line of action. As in ordinary space we shall take 
Newton’s second law of motion as the basis of the measurement of forces. This law 
states that “ change of motion is proportional to the impressed force, and takes place 
in the direction in which the force acts.” Hence, if a force act on a particle of known 
mass it will cause a change of momentum in the direction of its action, and the 
measure of the force will be proportional to the change of momentum per unit of time. 
By the proper choice of the unit of force we may deduce the equation 

P=mf 

which gives the dynamical measure of any force. 

Since a linear acceleration f along any line is exactly the same thing as an angular 
acceleration f about the polar line, it follows that a force P along any line is the same 
thing as a couple P about the polar line. 

41. Newton’s law further implies the physical independence of forces; t.c., if a 
number of forces act on a body each produces the same effect as if it alone acted on 
the body. Hence if a number of forces act on any number of particles each force 
produces its own effect, and to calculate the resultant of the forces we must calculate 
the resultant change of momentum per unit time ; in other words, the laws by which 
forces are combined are the same as those for velocities and accelerations. If, there- 
fore, a force P act along a given line whose coordinates are a, b, c, f g, h its effect is 
the same as if forces Pa, P b, . . . acted along the edges of the tetrahedron of reference ; 
and the component force along any other line a , b', c ,f , g , h' is 


P(aa' -f bh' -f cc +Jf +yy' + hh') 
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and the couple about it is 

P («/*'+ bg + ch' 4 -fa+gb'+ch'). 

42. All the theorems about compounding linear and rotational velocities apply to 
systems of forces and couples. Thus any system of forces may be reduced to two, 
acting along lines which are conjugate to each other with respect to a certain linear 
complex. Any system of forces may be reduced to a wrench about a certain screw. 

We can now give an interpretation to the simultaneous invariant of two screws. 
For suppose 11 is a twist about a screw a, b, c, . . . , and Q a wrench about another 
screw a', b', o', . . . Then Ha, lib, . . . are angular velocities about the six edges of 
the tetrahedron of reference, and Qa', Qb', . . . are couples about them. Hence if the 
body receive a small displacement about the first screw, while the wrench Q about the 
other screw is acting on the body, the rate of doing work will be 

HQ (af ' + bg' + ch' + fa' + gb' + he') 

and therefore the simultaneous invariant of two screws is the rate of doing work, 
when the body has a unit twist about one screw, while a unit wrench on tho other 
screw is acting on the body. 

43. The condition of equilibrium of any number of wrenches on given screws is the 
same as the condition that a number of twists about the screws should neutralise each 
other. If the wrenches reduce to couples or forces we have only to make (0,0) = 0, 
(1,1) = 0, . . . The conditions, therefore, for the equilibrium of any number of forces 
P 0 , Pj, . . . acting along given lines are, first, that the determinant 

| • ( 0 . 1 ) ( 0 . 2 ) ... 

(1.0) . (1,2) ... 

(2,0) (2,1) . ... 


should vanish, and further, that the forces should be proportional to the square roots 
of the minors of the terms of the leading diagonal of this determinant. 

44. Since P =mf, if we resolve the force P into the components Xj, X 3 , . . . X 6 along 

the edges of the fixed quadrantal tetrahedron, and if v „, . . . v () be the components of 
f along these edges, we have 

viVi—Xi (i= 1,2, 3,4, 5,6). 

Applying these equations to all the particles of the body, and using D’Alembert’s 
principle, the equations of motion of the body become 

2mVi=tXi (i= 1,2, 3, 4, 5, 6). 
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Multiply these equations by v lt v 2 , . . . v 6 and add ; then 

Zm(v l v l +v i v i + . . ,)=X(X 1 w 1 + . . .), 
and therefore integrating, 

TS7nv 2 =s|(XjV]-f . . )dt, 

which is the equation of conservation of energy. 

45. We must now express the velocities of all the particles of the body in terms 
of the given angular velocities co„ a>.,, <u 8 , o>-, <a 8 . 

Let a, b, c,f, g, h be the line through (x, y, z, n) along which this point begins to 
move. The line will therefore join the two points (a 1 , y, z, u) and (a: 4 xSt, y-\-ybt, 
z-\-zht, «+«§/). Hence 


But 


a : b : c : f : g : h 
=y(z+z8t)—z(y-\-y8t) : . . . 


=yz — zy : zx — xz : xy — yx : xu — ax : yu — ay : zu — uz 


yz—zy—z uw 2 — y u&> 3 -f (y 2 +z n ~) o > 4 — xyw - — zxw 0 


and we have similar expressions for the other terms. Hence 


p/ =(x 2 +ll z )a> 

i+xya. 

+ 2 .rai ; . 

• 

— ZUOJft 

+yua> 6 

g.g=xyw 1 

+ (y 2 +u 


4 Z«G >4 

• 

— XUCOq 

3 * 

II 


4 ( 2 2 4 w2 )< y 3 

3 

ss 

1 

•^-XUCOfr 

• 

{JLCI— 


— y vw '\ 

4 (y 2 4 

0 

3 

H 

1 

•Jl 

e< 


jxb = — ZU(D 1 

* 

4 XUO) s 

—xyo^ 

4(2 2 4x 2 )cu 

5— 2 /zo > 6 

JXC =2/Mct)j 

-~XU(0. z 

• 

— ZX(t)± 

3 

1 

4 (a; 2 4 y 


where p is some common factor yet to be determined. 

46. Square and add these expressions. The left side reduces to p 2 ; on the right, the 
coefficients may be simplified by virtue of the relation, x ~ 4 y z 4 z 2 -{- a 2 — 1 . Thus the 
coefficient of Wj 2 is 

a; 4 + 2z? u? + x 2 y 2 4 z 2 * 2 +: z 2 a 2 4 y 2 u 2 

= (a: 2 + w 2 ) (x 9 4 y 2 4 z 2 4 w 2 ) 

=x?+u*. 


Again, the coefficent of 2a is 
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xy(x~-\-v~) — ./'//(</' — (— h~) -j -xyz' — xyir 
=xy(x 3 +y 3 - fz 3 +u 2 ) 

=xy. 

All the other terms may he simplified in the same way, and therefore finally 

+oj i ~(f+z~) + o 3 2 (* 8 -f a?) +w,f(.r-+/) 

-p-2xy(o.,o 3 — o 5 o 0 ) -p2z.x(o { Oj — o (1 o,) -j-2.ry(oj | a» ; , — 0 , 0 ,) 

+ 2x» (w.jCu- — co^ce,.) -j- 2 yu (ojO, — o.jO.j) -f- 2 zu (w^w, — O] o ;! ) 


Next multiply the equations by o,, o., . . . o ( . and add; the same expression as before 
appears on the right, and therefore 


that is 


P ! t» i./‘+ <0j//+ co.Ji + wyi + o,/> + o (; 0 j =y~, 

y 0)| j -p O ,<J -p (x)ijl — p O — p 0,/> -p 0,0, 


Hence y is the velocity of the point under consideration, and the above expressions 
for yu, yl>, . . . are the velocities of the point (.r, y, z, u) resolved along the six edges 
of the tetrahedron. 

47. Multiplying them by m the mass of the particle, and taking the sum for all the 
particles of the body, we find expressions for the linear momenta of the body resolved 
along the six edges of the tetrahedron. For brevity, let A= -pa 3 ), &c., and let 
P 1 =Sv»v/ 2 , P .,='2mz.r, &e. Then if (</)i.s,:n i.s.o denote the angular momenta about the 
edges 23, 31, 12, 14, 24, 34, or the linear momenta along the edges 14, 24, 34, 23, 31, 
12 respectively, 


Q 1 = 

Aa>j 

+ + 1\» 


— 1>£ 



<h= 

P..a>l 

-j~ 15 Ob, “f~ PjOb, 

+ i } « w 

l 

-I’, 


<h= 

PofH | 

-f~ Pj CjBo ”j“ ( 'Ct>3 ■ 

— P fl o 

! + J\ W S 



( h= 

• 

-flVb— P s w 3 

•pFo,, 

— P3O- 

-If 


<h= - 

-P (i o 

l + P.l*>3 

-P30 

j-pGo, 

— P, 

i w « 

<h= 

P ri o, 

<~A 

3 

£ 

+ 

-P.o 

1 — PlO £ 

>+11 



Also taking ^%rny 2 we get the kinetic energy, viz.: 

2T=Ao, 2 + Bo, 3 + CV+Fo P + Go, 3 + Hoy 

+ 2P 1(0.03—0,0,) + 2P 2 (o 3 o l — o (i o.,.) + 2 1*3(0,03 — o.,o 5 ) 
+ 2P + (o ;s o, — o.o (1 ) + 2 P 3 (oj o (t — o 3 o ,.) + 2 P c (o.o , — o x o 3 ) 

2 s 
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48. The last article suggests the idea of moments of inertia. We may define the 
sum of the products of the masses of all the particles of a body into the squares of 
the sines of the perpendicular distances from a given plane, as the moment of inertia 
of the body with regard to the given plane. Similarly the product of inertia with 
regard to two planes is the sum of the masses multiplied by the product of the sines 
of the perpendicular distances from the planes. The moment of inertia about a line 
may be defined in a similar way. The moment of inertia of a body about any plane 
(l, m, n, p) is 

Sm(lx -|- my + nz +jn/ 3 ) 2 

?.c., 

l~Svix~ -\-m~%rny- -\-n~X)nz~ -\-p~'Zmu~-\-2lm%mxy-\- . . . 

Thus the equation 

Z 2 Y?;ue 2 + . . . + 27 nn’tyz-\- ... =0 

is the tangential equation of a surface of the second order, which has the property 
that the moment of inertia about any tangent plane is zero. Professor Clifford wills 
this the null surface of the body. The property just mentioned is independent of the 
system of coordinates chosen. 

49. By an orthogonal transformation of such an equation of the second degree 
we can rid the equation of the products rn, n, . . and at the same time keep 
Z 2 +77r+?r+ j p 2 unchanged. The surface now becomes 

m-ULmy 2 + irSmz* + p“%tn u~=0. 

The planes of the particular quadrantal tetrahedron chosen may be called the four 
principal planes of the body, and the edges the six principal axes of the body. 

The envelope of planes which give a constant moment of inertia, MK 2 , is given by 
the equation, 

PSinx* -\-m~Smy~ + ? rXmz 2 -\-p~?Lm tr = MK 2 (Z 2 + m 2 + ir +jir). 


This is a surface of the second order. Now 

Z 2 + m ~ + n~ +^r = 0 

is the tangential equation to the Absolute quadric. Hence, this surface has the same 
common tangent planes with the Absolute as the null-surface has. In other words, 
this surface and the null-surface stand in the same relation to each other as confocal 
quadrics in ordinary geometry. Hence the planes which give a constant moment of 
inertia envelope a quadric confocal with the null-surface. 

50. We next consider the moment of inertia about a line. 

Let «, b, c, f g, li, be the coordinates of any line, then it was shown in § 17, that 
if et be the sine of the perpendicular distance from any point ( x , y, z, u) to the line, 
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w 2 =a 2 (ar4- it-) 4- b 2 (y 2 -\-u 2 ) + c 2 (z~ +?r) 

+/V+ z*)+g i (z*+x*)+h%x a ~+y*) 

+ 2yz (be —gh) + 2zx (ca —hf) + 2 xy(ab —fg) 

+ 2 xu(cg — bit ) + 2 yu(ah — cf ) + 2 zu (fb-ag ). 

Making use of the previous notation the expression for the moment of inertia 
becomes 

MP= Aa 2 -f B& 2 + Cc 2 +F/ 2 + G/+IIA 2 

+ 2Pj(6c — gh) + 2P , 2 (ea—hf) 4- 2P 3 (a& — fg) 

+ 2 P t (cg — hh) 4- 2P fi (ah —cf) + 2P a (fb—ag). 

If we refer this to the principal tetrahedron of inertia, all the P’s vanish, and it 
reduces to 

MF= Aa 2 4~ BZ> 2 4-CV4- ty~ 4- Gg*+ H/r. 


It must be noticed that the quantities A, B, C, F, G, II are not independent; 
for since 


x 2 +y 2 +z i -\-u i =l, 

we have 


A+F=B+G=C+II=M, 


where M is the mass of the body. 

51. We are now in a position to write down the most general equations of motion 
of a rigid body, under the action of any forces, referred to a quadrantal tetrahedron 
moving in space, in any manner. For in § 34 we obtained formulae for the rates of 
change of any quantities, obeying the usual law of resolution and composition, rela- 
tively to axes moving in any manner. Applying these formulae we can obtain the rate 
of change of momentum relative to any moving axes. Equating the rate of change of 
momentum to the impressed forces, we get the equations of motion. Let <fa, q. 2 , . • • q<i 
denote the six components of angular momentum about the six edges of the teti’a- 
hedron, and let Q x , Q 2 , . . . Q a denote the total impressed couples about these lines. 
The expressions for q u q. z , . . . q a , have been given in § 47. The equations of motion 
are, therefore, 

Vi • 4- b a q 2 4- • ^:sVr> 4" ~ Q i 

9z~\~&a ( h • ^V/s 4~ ^V/i • 

<h- 0 t,<h+ e m • — Osh • =Qs 

( h • b 2t q 2 -\- . b^i h -\-8 ri q ri — Q.j, 

9a • ^5*71”^^//:, * = Qb 

2 s 2 
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Wp may write the values of the t/’s in the form 



where T has the value given to it in § 47. 

52. If we suppose the tetrahedron fixed in the body, we must put 6 x — o) v , d.,=a)^ . . 
and if further, the tetrahedron be the principal tetrahedron of inertia, the equations 
will correspond to Euler’, s equations. They then become 


Aw, 

-(B- 


-(G- 

-0 )w-w :i 

=Q. 

tw, 

-(H- 


-(G- 

— F )w;W| 

= Q, 

(V, 

-(A- 

-G)o),co- 

— (F- 

— B )ft>|0>0 

=Q, 

Fw, 

-(B- 

-C 

-(G- 

-UK«o 

=Q. 

G ta- 

-(C - 

~A 

-(H 

— F)w,.w,. 

= Qr, 

ll w. 

-(A- 

- 15 )(0\6>a 

_( F . 

-G)aqw. 

=Q«- 


53. If the body be moving under the action of no forces, there are two invariable 
complexes, viz. : 

<hf+ WJ + <f-J> + 7 /' + <!:}> + </ r fi = 0 

and its conjugate complex. For since the equations of motion express the fact that 
the y's do not change, these complexes will be fixed in space. The complex whose 
equation has just been given is the locus of lines along which there is no linear 
momentum. If no forces act, if we multiply the equations of motion respectively by 
to,, &) 2 , . . . o) Ci , and add, we get by integration 

Aw, ! '+ P>w 2 2 + Gwy + Fwy + Gwy+Hwy = 2T 

which is the equation of conservation of energy. 

If again wc multiply the equations of motion by Aw,, Bw,,, . . . , and add, we arrive 
at another integral of the equations, 

av+bv/+cv+fV+gV+hV=^ 

which expresses the fact that the sum of the squares of tbe c/’s is constant. 

One more integral may easily be found. For let 

A —ma", B =mb~, . . . 

then 

/ 2 =l-a 2 g”=l-b 2 h°= 1-c 2 

and 

G— C=M(1— 6 2 — c 2 )=H— B, &c. 

Hence tbe first three equations may be written in the forms 
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cr<t>i + (l — ?r —c~)(w 2 w, ( — w 5 <w 3 )=0 
(1 — c 2 — a 2 )(oj. f a>, — 6> t <a n )=0 
c 2 6> 3 -|-(1 — a 2 — i» 2 )(w 1 6J 5 — <o 2 <u 4 ) = 0. 

From these we immediately deduce the equation 


O q 
* 


1 -& 2 - 


+ 


b 2 a >. 2 , <ro>., 2 

- — y~— 2 -k 2 , 2 = a constant. 

1 — c 2 — a 2 1— a~— V 


Solution of the equations in terms of the double theta functions. 


54. The equations of motion of a solid body under the action of no forces can be 
solved in terms of the theta-functions of two variables, one of the variables being a 
linear function of the time. The solution, however, is not complete, owing to a 
deficiency in the number of arbitrary constants. 

The notation employed will be that given by Mr. Forsyth in his “ Memoir on the 
Double Theta-functions,” published in the Philosophical Transactions for 1882. 

The definition of a double theta-function is expressed by the equation 

f /A, o\ 1 n — cc (2;u+/a) s (2n + v)* (2m+/Li)(2n + v) 

<l> <! ( ' y\— X . £ ( l)‘" tA + *Pp 4 q 4 r 2 , u t{2m + ix) w y{2n by) 

L \/^ V J J m— — oo n— — oo 


in which X, jx, p, v are given integers (afterwards taken to be each either zero or unity) 



constants, called parameters (in our case arbitrary constants) ; and the double summa- 
tion extends to all positive and negative integral values (including zero) of m and n. 
There are sixteen different double theta-functions distinguished by suffixes 0, 1, 2, ... 1 5. 
These are written & 0 (x, y), b Y {x, y), . . . , or when the variables are easily understood, 
simply 3 0 , £j, . . . 

The characteristics of the sixteen functions are given in the following table : — 


» 

^ o 

(2:!) 


a 

a 

a 

a 

\ S 2 

i 

*^10 




&11 

s 9 



The functions £ ]0 , & u , 3 fi , S 7 , b n , are odd functions, the rest even. 
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55. For brevity denote 

A*A£ y+y) by ®, 

£ y—y) by ©', 
y) by s, 

A£ y) by e, 

for all the different suffixes. Also let 

c o=[A>(*» y)]r»o.y-o, Ac. 

for all the even functions. 

Mr. Forsyth finds formulae for the products © ©' for different values of the suffixes. 
These are given on p. 834 et seq. of his Memoir. In the 13th set occur the first four 
of the following six formulae. The remaining two formulae are not in his list, hut are 
proved in exactly the same way. 

c i C S ©0 ® 12 = AA A A2A A AsA A AAoA^ 1 !■ A Al A A5 
C 0 C 2 © 14 ® 12 = AA A4A2A A4A2AA A A AAl A A 1 A A 
CjCg @7 0 j2 = AA A A2A A A2A A A A^ hA^ 1 1 A A #11 A Al 

C 9 C 12®9 ® 12 ~ A A2A A2A A A AA A A AA A1A4A1A* 

CJCJJ 02 ® i 2 == AAsA A 2 A A A4AA4A AA1AA1 A A AAA 
®r, ® 12 — A A A A2A A A4AA1 A AA2AA AA AiA A4 

If in each of these formulae we change the sign of A and then subtract each new 
formulae from that from which it is derived, we deduce the following six equations : — 

c.jAt) (®o 0 12 0 0 ©12) — - (A A 3 A A AAoAA-t) 
t'l/’c (© 14 ,® JO 0 J.I,©J 2 ) == 2 (A+A 2 AA AA 1 AA ) 

'V’;) (®7 ® 12 ® 7 ® 12 ) = 2 (A A2AA A AA lAA+) 

c 9 cj 2 (®9 ® jo ® « © ]2 )=2(A A A A “ AA AA ) 

C 2 C 12(®2 ® 12 ® 2 ®12) = 2 (A A4AA4 A AA AA ) 

C 0 C 9 (®5 ® 12 ® o ®12) == 2(A AsAA AAAlAAt) 

56. The odd functions . . . will vanish when x=0, y=0. Let c 6 he the coefficient 
of x in the expansion of A, 80 that 

c _ f_ 4 A 0 v /)1 

“l dv J x ««o i V „o 

and so on for all the odd functions. 

Differentiate all the equations of the last set with respect to £ and then put £=0. 
We notice that 
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f ( /<■*+() -£/(-+0 

d 

Hence, taking tho first equation, 


C 4 C 8 


q <K 

Jl3 dx ' 


) — c ( 
0 (L: ] -Cl< 


Cj3«9v$ {) C r A n^‘2^1'1 


10^2^ l-t- 


or 




/ 9 () \ $< 

1 ' = C.Cmi 


i^ia o a 

'Cno ^ 


.9 , 
12 ^12 


.9„ .9 


14 

* C 0 C 10 q q”‘ 
“-ua ^12 


Performing the same operations on all the equations we arrive at the following six 
relations : — 


C+Cf! dx \X 




(l 

dx \.9|. 


^ d* 




C » C » dx 


i — c J c 


:C 14 C 18 $ 


$r. §_s_ _ 

13 -9 13 >9 13 
\ X 


12 


“ CaC 


^14 

10 


\ ^7. 

^11 Q Q 

^12 ^ 7 12 

9u 


-C 0 C 


12/ 
9p 
N ^12 ^ 
rf/V 

^ \^i 2 y 

^ /V 
$12) 


X M 3 q , 3 

= C 7 C 12 n o *4“°0 C ll 

rj'io W 


: «0 <7, 


= Ca c 


12 ^12 
9() $5 _ 

9] 2 $i 2 
9<) ^14 

14 Q Q 
^7'|2 ^13 


" CoCy 


+c 7 c„ 


_ -9,, 

— Cr > C 18 n q “HVhl 
^ 10 


7 12 ^12 


X .% . 
-9 13 .9 J3 
.9 7 5 3 
■9]2 *9j 3 

•9l» *9l2 


57. If we take the mass of the body to be unity, and notice that 

a+f=b+g=c+h=i, 

the equations of motion of the body under no forces may be written 


A 

1-P.-0 

B 

1-C-A 

C 

l-A-15 

1— A 
B-<: 

i-r» 

C-A 

i-c 
A— P> 


01 J OloOlg — oi. ( o> 5 = 0 
oq -j- o> 3 oi, — oi j o) (i — 0 
oi ;i + oijoij — onoi t = 0 

w i + c ‘ J ;, w (i —w 2 w 3=° 
U) b + 01 j01 (1 — OljOl.) = 0 

oi,.-boi. f o> 5 — oijOi^O. 
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Assume, therefore, 




3< p\ y ) 
y) 


_ f •%(*> ?/) 

w * J 3 n {x, y) 


o) 2 =b 


*%0', ?/) 
?/) 


W 5=5' 


Mb vl 

y) 


(Do = C 


3i)(x, ?/) 

y) 


W (i =h 


?/) 

^lA'i ?/) 


where in all these form else .r= nt-\-a and y is arbitrary. The coefficients a, b, c,f </, 
h, and n, a arc arbitrary constants. If we substitute these values of or,, cj„, . . . w (! in 
the equations of motion they give the equations 


A d (3 ( 3 5 3 0 „ 3 a 3 u 

1-15-0 na dr. (sj tg 3, 2 3 n h l 3 1S 3, 2 


It , d / A, 
1 -0-A n > dr \3 n , 


- ( .l $0 M f ^9 ^7 

~ un Cl (1 ./ (I (1 

^12 ^12 ^12 


0 d / 3 9 \ j,.3.,3 7 3, 3, 

1 -A -B n ° dr (.3 J~ 3, 2 3„ a(J 3 12 3,2 

1 —A c* /3 7 \ _ 3. 3 e . 3g 3,., 

B - 0 dx \sj ~ )C 3 13 3,„ 9 1 3,2 3,, 

1-15 . *®* •*£ i/Mj?7 

0- A U7 dx \3j~ Ca 3,2 3,o v 3,2 3,2 

1- 0 <1 /3,A 3„ 3 3 3 6 3 7 

A - 15 c/.cj \3j~ ab 3,2 3,2 3,2 3 U 


Now these relations are of the same form as the relations between the 3’s, which 
have been proved above. We have only to choose the arbitrary constants so as to 
make these equations exactly the same as the relations between the 3’s, and then we 
have got a solution of the equations of motion. 

58. Compare first the terms involving products ; in this way we find the relations 

c ° Cu h ” 

a 

r i! c 7 7 


r. 

h' 


C ? C " f— 


Gifir* 
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0 11 q h — 


¥ ! H y J ( — “ c t> c l2 


(* ,Cn — C\\C\* 


If we eliminate a, b, c, f, </, h from the first three equations, by multiplication, 
the result takes the form 

c <) C ]i) c V‘uH -< ‘P ; i:i c 2 c i i = 0* 


This equation among the constants does not hold in general ; so we must suppose 
the parameters p, q, r, v, w of the theta-functions so connected as to make it satisfied. 

Again, multiplying the last three equations by y -■> respectively, and comparing 

J 0 fl 


them, we see that 


® Vu b fl 5 r i2_ £ ‘as^u. 

/ Vn !/ c n c n~~ k <Y-n 


Of these, the first equation is the same as the third of the first set. 
Tho second may be written 

b c 


Comparing this with +he first of the other set we get 


C 6 C 10 C 6 C 9 ~l~ C 1 C 13 C 2 C 1 1 — 0 

which is the same as before. Hence the six equations are consistent if this one 
relation holds. 


They give us 


That is 


Similarly 


a Y = h c 

J ) C 2 C 7 ~ C '\) ( J h 

C il C 3 C n C 7 C 12 

C 2 ( Y C ^, Vll 




// V7V11 

c jM£u. 

0 / c o<Wn 
C Y _ W/12 


hj o u 
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59. Again, comparing the other terms of the equations with the relations between 
the 0’s, we deduce six more relations 

a 
ah 

J' 

¥ z 

c 

r/h 

T 

¥_ 

9 ~ 

fy 

h~ 

From the last three equations 


VlS 

nA 

c 4 c a 

l-B-C 

C 0 C U 

nB 

Vl2 

1 — 0— A 

Ctf'rj 

n C 

Vl2 

1 — A— B 

Vm 

w(l— A) 

Vq 

C-B 

°2 C 11 

n( 1 -B) 


A-C 

r 9 C ll 

w(l— C) 

C 0 C 2 

B-A 

:«.ii 

— B)(l — 0) 


(B-A)(A-C) 
J ¥ (.0— B)(B— A) 

ri - c* (A-CXC-B)- 


These are all positive if A, C, B are in descending order of magnitude. 

We have already found the ratios a , -, ~ and therefore we know a, b, c,f, g, h com- 

j g h 


pletely in terms of A, B, C, and the c’s. If we substitute these values in the first 
three equations of the last set, we are left with three relations among the constants. 
Now the C H )’s implicitly involve the eight constants, p, q, r, v, w, n, a, and the other 
variable y, which is perfectly arbitrary. Among these quantities we have seen that 
there are four relations imposed by the form of the equations of motion. Hence 
there are four arbitrary constants left to express the initial conditions. But to do 
this completely, we should require six constants. Thus the solution is not complete. 

60. The relation 


^0 < ho*'5 < '9“b C l < 'lS*'2*']4 — 0 


may be simplified by means of general relations between the c’s. 

By Mr. Forsyth’s product theorem, we can prove that 

^u^i2'~hr < hu ~b ^s^irr'V'h) “l” ® 

0O^12^5^!l ~b i'A 1 0 ^ 3 w == ® 

0 o d^2^i^ H “h 0»0 15-^1'^ 13 WA 6 '^10 6~9\A 6^9 == ® 

00^12^ ^3^1B'^2'^1+ — @AAAo ^AlAAlO— 
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The last two equations are given by Mr. Forsyth in equations (212), (219) of his 
Memoir. Differentiate these equations with regard to x and then put x=0, y— 0, 
£=0, 7j = 0 ; they give us 

C l) C l 2 * C 6 °Io4~^3 C 15 • C t> C U *4“< ? 4°8 * C 'Z C U~ ® 

C 0 C 12 * C 5 C 9 “l~ C 3 C 16 • * C 1 C 13 := 0 

C 0 C 12 • C 2 C 14."4" C 3 C 15 • C 1 C 13 C 4 r 8 * *fl c 10 = 0 
C 0 C 'l2 • °l C 13“h C 3 C 15 • C 2 C U C 4 C 8 • C 5 C 9 “ 

Hence 

°4 C 8( C 2 C 14 016 ^ 3 ) = (c 0 Ci 2 +C 3 C 15 )(c 6 Oi 0 C 6 C 9 ) 1 

C 4 C s(°C C 10 C 6 C 9 ) ==: ( C 0 C *X2 C S C 15)( C 2 C 14 C l C ia) J 

Hence 

/» 2/i 2 /» 2 r 2 .. /i 2/i 2 

H Og — o 0 c n O 3 c 16 

or 

yl 2/1 2 /» 2/1 2 I /i 2/1 2 

°0 '12 — C '4 °8 "T c 8 c 15 

But we have also 

C 4 C '8 ( C 2 C 14 4" C l p l 3) = ( C 0 C 1 2 C 3 C 1 5) ( C G C 10 “l - C ii C 'j) 

Multiplying this by the first of the other two equations we get 



>■% 2y» 2 p 2/i 2— — p 2/i 2.^/1 2/» 

Oo 0 14 , C/J (/ 13 C/g C> 10 t>5 C/( 

If therefore 

/1 2/i 2/i 2/i 2 1 11 /1 2/i 2/ ■ 2/» 2 

C 2 °I4 C 1 C 13 — °6 °10 c 5 °y 

we have also 

C2 2 <3i4 2 +Ci 2 % 2 =c« 2 Cio 2 +o 6 s c 9 

whence 

C 6 2 (3io 2 =Ccj 2 C 1 4 2 'I 

C 5“ C 9 2 =C l 2t/ ‘l3 2 J 

i.e., 

f«c 10 =±c ; ,c 14 ,l 

C 6°9 =: ~F c 1 c 13 J 


Addition. 


(Added March 4, 1884.) 


The relation between the constants may be put into another form. We have 

C 0 C 8 (®IC® 12 ®ln® 15 } ~ ^ ^5^8 '^O'^iol 

C 0 C 1b{®3 ®^12 ®12® S } =2{0 4 ^jj^ 7 ^g ^ 1 ^ 14 ^ 2 ^ 13 } 

2 T 2 
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Hence, performing the same operations as before 


C l) C 3 


d 

dx l 


'^•1 — cc h b i c c b bo 

— c 8°ll Q n 
J2 ^12 


^12 ^12 


C ^dx 


1 

^12 J 


$7 $r 

o ' 

"-^12 “•'12 


$ 3 $, s 


““'12 “^12 


Whence the coefficient of x in 



c d'\\ r i c .y + c r. f <iVio 
Wi2 2 


and the coefficient of x in 



Hence 


- C * C 1 l f 7 C H P 1 C 1 »Vl3 

<! 0 C 15 C 12 2 


^5^l) C (! C ]0~h C l C 14*Vhs 

d /$„ 


: c o c i 2 3 X coefficient of a; in j 
:2r () c, 2 2 X coefficient of x 2 in 


d /$, 

C ^dj\<) u ) (lr, dx\3 



{*5 


" g irA 


12 


Now 


^15 — °\r> '** r 


*d 

K ) dp 


Ar>+ • • 


b -c a + • • • 


5] 2 -c,.,-i^( K ) ^/i2+ • • • 


in Mr. Forsyth’s notation ; therefore 

i r» c 1 5^ n := 2 X ~ 


and finally 


C C> C 1 0 C 6 C 9 “i" 1 4 — ( \) C 1 2 


,*J C <?*_<. *>*1 

5 dp' ^ dp' J* 



Uence, if this vanishes, we have 

dc.y dt'tf . , , 

C{ bl 1 >~ c ' A ~dp> since p — log j) ; 


that is, - 2 - is independent of p. 


IB 
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XIY. Researches on Spectrum Photography in relation to New Methods of Quantitative 

Chemical Analysis.— Part IT. 

By W. N. Hartley, F.R.S.E., &c., Professor of Chemistry, Royal College of Science, 

Dublin. 

Communicated by Professor Stokes, See. R.S. 


Received February 28 — Read March 13, 1884. 


[Plates 15, 10.] 


Introduction. 

The first attempt to apply the spectroscope to the quantitative analysis of alloys scorns 
to have been made by the late Dr. W. A. Miller, F.lt.S., in the year 18G2 (Phil. 
Trans., Yol. 1 52, p. 883, 18G3, and Jour. Cheni. Soe., vol. xvii., p. 82, 1864). By taking 
photographs of the spectra of alloys of gold and silver of different degrees of fineness 
he obviously sought to apply this method of working to the assaying of gold, lie was 
at the time an assayer to the Royal Mint. In 1870 M. Janssen proposed two mothods 
of quantitative spectrum analysis. The first was based on measurements of the in- 
tensity of the most brilliant rays emitted by incandescent matter, while the second 
depended upon the timo during which a substance emits visible rays during complete 
volatilisation in a flame (Comptes Rendus, lxxvi., pp. 711-713). 

MM. P. Champion and II. Pellet, and also M. Giienler, applied the former 
spectro-photometricnl method with some degree of success to the estimation of alkalies 
(Comptes Rendus, lxxvi., pp. 707-711). In 1874 Messrs. Lockyer and Roberts 
attempted and accomplished with a considerable amount of accuracy the determination 
of the composition of certain tolerably homogeneous alloys of gold and silver, and of 
lead and cadmium, by means of the spark passed between metallic electrodes, and 
examined by the spectroscope. The spectrum of the alloy was compared with certain 
check pieces of known composition. Others who have attempted to make use of 
emission spectra for the purposes of quantitative analysis are Sir J. G. N. Alleyne, 
who in 1875 communicated a paper to the Iron and Steel Institute “ On the estima- 
tion of small quantities of Phosphorus in Iron and Steel by Spectrum Analysis” 
(Journal of the Iron and Steel Institute, 1875, pp. 62-72), and H. Ballman, who 
attempted the quantitative estimation of lithium with the spectroscope by observing 
the degree of dilution of a solution which seemed to cause the extinction of the red 
line. This is theoretically constant, but practically it varies slightly (Zeitschrift fur 
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Analytische Chomie, vol. xiv., pp. 297-301 ; also Journal Chem. Soc., 1876, p. 550, 
Abstract). Messrs. Liveing and Dewau have published notes on quantitative spec- 
troscopic experiments (Proc. Roy. Soc., vol. xxix., pp. 482-489). Observing the 
emission spectrum of sodium vapour, they sought to estimate the quantity of substance 
present in a given space by measuring the width of the sodium lines. 

It has been already shown that solutions containing the same element in different 
proportions emit different variations of the same spectrum, the lines differing in 
number, length, and intensity. I have also proved the converse of this — namely, that, 
under the same spark conditions similar solutions of the same strength always emit the 
same spectrum. By similar solutions are meant solutions containing salts of the same 
metal, the non-metallic constituents of which cannot affect the length or strength of 
the metallic lines. Evidence of a quantitative nature in Part I. has established the 
fact that chlorides, nitrates, sulphates, and carbonates are salts of a similar character 
in this respect, and it has also been proved quantitatively in the case of chloride and 
sulphate of copper. It is, however, doubtful whether solutions of borates and silicates 
arc strictly comparable with the solution of other salts, for the borates and silicates of 
the alkalies emit strong lines, due to boron and silicon, and it certainly appears, from 
the observations I have hitherto made, that the metallic spectra are modified by the 
strong lines of these non-metallic elements. 


On the strength and length of lines in the metallic spectra, yielded by solutions of 
various strengths , and on the limit of sensitiveness of the spectrum reaction. 

The following investigation was made with the view of placing our knowledge of 
spectrum analysis on a proper basis, so as to admit of its being applied more systemati- 
cally than hitherto in the examination of minerals in quantitative analysis, and parti- 
cularly in the assay of certain metals. 

Experiments have been made chiefly on those elements with comparatively simple 
spectra ; those, for instance, which yield a few prominent long lines and many short 
ones, for since it has been shown that short lines from metallic electrodes become long 
ones when strong solutions are used, and short again as the solutions are diluted, we 
may anticipate a greater variety of spectra and a greater range for the exercise of 
observation, or, in other words, a greater sensitiveness of the spectrum reactions, 
than with metallic points. As often as possible chlorides have been used in preference 
to other salts, because hydrochloric acid is the solvent employed most generally in 
analytical operations, and the chlorides are as a rifle the most soluble compounds of 
the metals, and likely to yield the most highly concentrated solutions. In a few pre- 
liminary experiments trial or test-plates were made for use in quantitative analysis, 
each containing about fifteen photographs of the spectra of solutions of various 
strengths. It was frequently found desirable to largely increase the number of photo- 
graphs where gradual alterations in the lines accompanied gradual dilution. Subse- 
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quently it was deemed necessary to photograph solutions containing 1 per cent., O'l 
per cent., and 0‘01 per cent, of the metals, and map the spectra characteristic of each. 
Other photographs could then be taken as required for comparison witli solutions 
of mineral substances or for estimating the minute constituents of metallurgical 
products. 

To prevent the instrument being splashed with liquid projected outwards by the 
spark, it is necessary to use a lens in front of the slit, the focal length of which for 
similar reasons should not be much less than three inches. 

In all cases the spark should be regulated in length by passing a piece of plate 
glass between the electrodes, and adjusting them so that they just touch it. When 
these conditions are fulfilled and the spark is working properly, a spindle-shaped 
bundle of rays may be seen when a piece of card is held in tho opening of the colli- 
mator tube, about two inches behind the slit. The rays which fall upon the centre of 
the card should not show any wavering motion, for if this bo the case the electrodes 
are not quite in the proper position. 

I propose first to describe in detail the changes observable in the spectrum of 
magnesium when a series of solutions of definite strengths are examined. In the 
case of other metals detailed descriptions will not be given, but a glance at the maps 
accompanying this paper which represent both the normal spectra with wave-lengths 
and the prismatic spectrum with scale numbers for each element, will render the 
changes in the spectra evident to the eye. 

The magnesium spectrum. 

The solution examined was prepared by dissolving a weighed quantity of the metal 
in hydrochloric acid. The changes rendered visible on dilution are the following : — 

(1.) Solution containing 1 per cent. Mg., or 1000 parts per 100,000 of solution. 

The first and third lines of the quadruple group, wave-lengths 280 1*6 and 2794’1, 
are considerably stronger than the second and fourth. Of the quintuple group the 
lines with wave-lengths 2780 - 2 and 2770'9 are invisible. 

(2.) O’l per cent. Mg., or 100 parts per 100,000 of solution. 

The least refrangible line, 4480, is shortened by two-thirds. Tho triplet with wave- 
lengths 3837‘9, 3832T, and 3829 - 2 is altered, only one-half of each line is fairly 
strong, the other half is much weakened. 

The triplet with wave lengths 309G - 2, 3091 ’9, 3089‘9 is barely visible, and that 
through only one-half the length of the lines. 

The pair with wave-lengths 2.935 , 9, 2928 '2 exhibit a great weakening through two- 
thirds of their length. The line 2851 ‘3 is fairly strong, one-half being weakened. The 
second and fourth lines of the quadruple group are much weakened through two- 
thirds of their length ; wave-lengths of the second 2796 ’9, of the fourth 2789 '6. 
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Of the quintuple group the first and fifth lines, wave-lengths 2781 ’8 and 2775'5, 
are shortened by two-thirds, the third line, wave-length 27787, is shortened by 
one-half. The third is just barely visible as a continuous line when one knows where 
to look for the weakened portion. 

(3.) 0*03 per cent. Mg,, or 30 parts per 100,000 of solution. 

The least refrangible lino, wave-length 4480, has disappeared. The first and third 
lines of the triplet, wave-lengths 3837*9 and 3831*2, are still visible but very weak. 

The second triplet has disappeared. 

The doublet, 2935*9-2928*2, is barely a continuous pair of lines, the centres being 
very much enfeebled. The line 2851*2 is not very much altered, being of equal 
strength throughout its length instead of having a thickened appearance at one polo. 

The quadruple group have not undergone any great change, but the nimbus or 
halo is extinguished as in the preceding case. Of the quintuple group there is a very 
faint indication only of the lines with wave-lengths 2781*8 and 2778*7, the others 
aro extinct. 

(4.) 0*02 per cent. Mg., or 20 ports' per 100,000 of solution. 

All the lines are weakened. 

The line 2781*8 is extinct. 

(5.) 0*01 per cent. Mg., or 10 parts per 100,000 of solution. 

The lines are still further weakened, and those with wave-lengths 3837*9 and 3832*1 
have become extinct. 

The doublet, wave-lengths 2935*9 and 2982*2, is shortened by two-thirds the 
length of the lines. 

The line 2851*2 is attenuated. 

Of the quadruple group the second and fourth, wave-lengths 2796*9, 2789*6, are so 
attemmted as to be barely continuous. Scarcely a trace of the quintuple group is 
visible. 

(6.) 0*001 per cent. Mg., or 1 part per 100,000 of solution. 

Of the doublet, tho first line is shortened by two-thirds, wave-length 2935*9, the 
second is weakened and shortened by nearly three-fourths of its length, wave-length 
2928*2. 

The line 2851*2 is weakened throughout and more especially through one-half its 
length, it is now barely a continuous line. 

Of the quadruple group the first and third lines, wave-lengths 2801*6 and 2794*1, 
are attenuated through one-half their length to a great degree and are weakened 
throughout. The second and fourth lines, wave-lengths 2796*9 and 2789*6, are 
shortened by one-half their length. The difference between this spectrum and that of 
the solution ten times as strong is shown to be the result of strictly gradational 
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changes. Solutions of* intermediate strengths yield lines of intermediate length and 
strength, proportional to the quantity of magnesium present. 

(7.) O'OOOI per rent. Mg., or 1 part per 1,000,000 of solution. 

The first and third lines of the quadruple group are much attenuated through one- 
half their length, the other portions being weakened. Copper electrodes were used 
for this and the following observations on magnesium because the graphite points 
contained that element in sufficient quantity to give the first and third lines, though 
not so strongly as this solution. 

(8.) O'OOOOl per cent. Mg., or 1 part per 10,000,000 of .solution. 

The samo change was noted, the first and third lines being nearly invisible through 
one-half. 

(9.) O’OOOOOI per cent. Mg., or 1 part in 100,000,000 of solution. 

The first and third lines were extinguished as regards one-half their length. 

(10.) 0 - 00(),0001 per cent. Mg., or 1 partin 1,000,000,000 parts of solution. 

The lines appeared as in the last solution, but they were fainter. 

(11.) 0'000, 00001 per cent. Mg., or 1 partin. 10,000,000,000 if solution. 

In this last instance the lines were almost invisible. 

This dilution may be regarded as the point of extinction of the most persistent 
rays of magnesium with the particular spark arrangement 1 have generally used, or in 
other words we may easily detect 1 part of magnesium in 10,000,000,000 of liquid. As 
the quantity of solution utilised hy the spark is certainly less than 0'1 cub. centim. 
we may detect with absolute certainty less than xooTFooToffo^ 1 of a milligram of 
magnesium. 

When the strength of the spark is increased by the use of a much larger coil, and 
the striking distance between the electrodes is left the same, the strength of the 
magnesium lines is so altered that with 1 part of the metal in 10,000,000,000 of the 
solution the two lines with wave-lengths 2801 •(> and 2794M are rendered as strongly as 
in the photographs of those obtained with the previous spark arrangement from a 
solution containing 1 part in 1,000,000 of liquid. The sensitiveness was therefore 
increased ten thousandfold. We have thus sufficient evidence to show that the sen- 
sitiveness of the spectrum reaction in this case is practically without limit. Tt varies 
however with different metals. 


2 u 


MDCCCLXXXIV. 
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Tabular Description of the Spectra characteristic of Solutions containing Magnesium. 




' 

. 

_ 

' * 


— 

- - 


1 



V 

arts of magnesium per 100,000 of solution. 



Wave-lengths 









Stale numbers. 

of the principal 

- — 

— 

— 

_ i 

— 






lines visible. 











1,000 

100 

30 

20 

10 

3 

2 

1 

Hundredths of an inch. 










1 7 

4180 

X 

* 







.V.KiO 

i 

r 5857*9 

* 

* 

•* 

* 





59*83 

\ 

3832-1 

* 

* 

# 

* 





00*07 


5829*2 

* 








142-3 


30962 


* 







142*85 i <> 

3091 -'.I 

* 

* 







h:h 8 

30H9-9 

.* 

# 







ir.H-7 i 

2935!) 

* 

* 

* 

* 

# 

* 

* 

* 

170*18 ! ] 

2928-2 

■* 




* 

* 


* 

ik4-i;:i 

2851*2 

* 

* 

iff 

* 

* 

* 

| * 


10455 i 

2801"(> 



-* 

# 

* j 

* 

•# 

* 

105*59 J 

2793-9 

* , 

# 

* 



* 

j * 

* 

195*95 i 1 

2794T 

* 1 



# 

•* 1 


* 


J 9(3*912 


27890 


* 

■# 

* 

* 

j * 

* 

* 

L 98*04 


“2781-8 

# 

* 1 

* 






198 9(3 


2780*2 









199*5 


! 2778*7 

* 

* 

* 

* 

* 




199*01 


277(3*9 









199-97 


, 

1 

-J 

* 

1 # 

i 




| 

. 


The following tables, together with the maps of the lines, are considered to be 
sufficiently descriptive of the different spectra. The wave-lengths of the lines 
characteristic of each solution are given in separate columns. 


The Zinc Spectrum. 




Wavo lengths. 


Scale numbers. 




1 

1 per cent. 

0*1 percent. 

0*01 per cent. 

Hundredths of an inch. 




108 49 

3344-4 

3344-4 

3314 4 

113*75 

33017 

3301-7 

3301*7 

11(3*30 

3281-7 

3281-7 

3281*7 

145*69 

30756 

3075-6 


194*98 1 

2800-1 

2800-1 P 


252*31 

2557-3 

2557-3 

i 

267*95 

2501-5 

2501-5 



The most persistent lines of zinc are probably those of high refrangibility which do 
not ordinarily appear when gelatine emulsion plates of the kind most generally used 
are employed. 

Linos which are visible. A line may be shortened or weakened, but an asterisk opposite to its 
wave-length in this table denotes that although it may be changed it is still visible. Only the first, 
third, and fifth lines of the quintuple group have been mapped, 
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The Cadmium Spectrum. 


Scale numbers. 


Hundredths of an inch 

79*37 

79*08 

94-80 

94*50 

101*45 

119*0 

205*87 

248*24 

32(3*8 

329*85 

339*25 

348*15 

377*48 

400*2 


Wave lengths 


1 per cent. 


/ 3012*0 
1 3009*0 
/ 346(3*7 
I 3405*2 
3402*8 
32(30*2 
2747*7 
2572*3 

{ 2321*0 
2813*5 
2288*8 
2205*8 
2190*4 
2140*8 


0*1 per cent. 


3012*0 

3009*0 

3400*7 

3405*2 

3402*8 

2747*7 

2572*3 

2313*5 

2288*8 

22(35*8 


0*01 per cent 


3<;i2*o 

3009*0 

3400*7 

3405*2 


2313*5 

2288*8 

2205*8 


! 


0*001 per cent. 


2205*8 


The Aluminium Spectrum. 




Wave -lengths. 


Scale numbers. 





1 per cent. 

0*1 per cent. 

0 01 per cent. 

0 001 per cent. 


Hundredths of an inch 





/ 49*85 

/ 3960-9 

3960!) 

3900*9 

3960-9 Y 

\51 -1C 

\ 3943*4 

3943-4 

3943*1 

3943-4 ? 

The air lines 

contiguous to the 

above arc very stronm hence it is 

a little doubtful 

whether they are present in tin* spectrum of a solution so dilute as 0*001 per cent. 

/ 70*02 

/ 3713*4 




1 71*05 

| 3701*5 




/ 701 7 

/ 3612-4 

3012*4 

3012*4 


\ 80*5 

82*07 

\ 36011 

3584-4 

3601-1 

3601 1 


/ 142*80 

/ 3091-8 

3091-8 

3091-8 

3091 *8 

1 144*5 

l 3081-2 

3081*2 

3081*2 

3081-2 

148*5 

3050*0 




191-76 

2815*3 

2815*3 

28153 

2815*3 

226-3 

2059*3 

2059*3 



228*20 

2051*2 

2051*2 



249-GO 

2566-9 

2566-9 



308*55 

2373-3 




309*0 

2372-0 




809*0 

2370*2 




309-94 

2307*2 




31062 

2304*5 





The line ■with wave-length 35 84 '4 is both much longer and stronger than either 

2 u 2 
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3G12T) or 3G01'2, yet it is not so persistent. From appearing as a strong line it 
disappears rather suddenly. 

The line with wave-length ‘2815'3 is the strongest in this spectrum. 


The Indium Spectrum. 


! 


Wave lengths. 


Scale numbers. 

1 per cent. 

! 0*1 per cent. 

0*01 per cent. 

Hundredths of tin inch. 


| 


1.V88 

4510*2 

4510-2 


39*91 

41 or. 8 

1101*3 


110-31 

3257*8 



1 10T.H 

3255*5 

3255-5 

3255*5 

1 51-35 

3038*7 

3038*7 

3038*7 

1(58-00 

2040*8 

2940*8 


177-534 

2880’ 7 ♦ 

2889*7* i 


214-50 

2709*3 

2709*3 

i 

251-70 i 

2559*5 



3532-2 i 

i 

1 

2307 

2307 



Tiif. Thallium Spectrum. 


| 


Wave' lengths. 


Scale numbers. 





1*0 per cent. 

01 percent. 

0*01 per cent. 

i Hundredths of an inch 

i 


i 

04*55 

3775*0 

3775*0 

53775-0 

I 887 

1 3518*0 

, 5351 so 

; 

1 143*0 

! 3091*0 

53001-0 


172*21 

29177 



201*87 

2707 1 

2707-1 

2707*1 

259*80 

. 2530*0 

25530-0 


335-27 

2299*3 

5 2200-53 

! 



* This is barely risible. 
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The Copper Spectrum. 


Wave-lengths. 


Seale numhein. 






l per cent . 

e 1 per cent 

0’0l percent. 

0*001 per coni. 1 

Hundredths <>f an inch. 


1 

1 

j 11310 

33(m;-h 



1 115-Jo 

o2HJCi» 

» 


J 117’25* 

f 3273-2 

! 3273-2 

3273-2 


j 1 1207 

\:$2l <•»•!> 

3,240-9 

3240-9 

32-10*9 

104 M 

2959-5 



IWU'1 •'! 

2823*2 



201-30 

2709 1 

2701H 


211-8 

2721-2 



212'5o 

271 8*1* 

2718’ I 


2111*7 

2713-0 

2713-0 

, 

210-1 

2702-7 



21G-58 

2700-5 



219-37 

2088-8 

2088-8 


224-7 

2000-7 

i 


230*45 f 

2017-8 



2411 

2599-7 

i 


241-58 

2598*3 

i 

i 

1 

j 

255-94 

2541-0 

2544-0 

| 

200-25 

2528-8 

2528-8 

| 

201 *00 

2520-2 

i 

V;|- f'-l 

200-77 

2500*2 

250(5-2 



270*91 

2491-4 




27105 

; 2489-1 




272-72 

! 2185-0 




270-45 

2473*2 




298-31 

2103-3 


, 

299-4 

2100-1 



/ 309 17 

! [2371 0 

2:171 (5 


\ 309 57 

X 2370T 

2370-1 


330-8 

22950 



3430 7 

2277-0 



f 355*2 7 1 


r224K-2 

2248-2 


J 355*5 J 

2217-7 

2247-7 

; 

1 •■C7! 

22110 

22440 


[ 357-32 

[2213-5 

2213-5 

i 


* This pair of lines differs from all ot hers in the spectrum by not being shortened, on dilution, but 
becoming attenuated till at last they disappear. They remain long lines till the last, 
f This is a very line and very long line. 

This grouj^ is distinctly seen to he composed of four lines in the photographs of the J per cent, 
solution, and some lines, to the number of four or live, more refrangible than these aro visible 
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The Silver Spectrum. 




Wave-lengths, 

Scale numbers. 




1 per cent. 

0*1 per cent. 

0*01 per cent. 


Hundredths of an inch. 




303*04 

3382*3 

3382*3 

3382*3 

116*45 

3280*1 

3280*1 

3280-1 

168*5 

2937*5 



160*3 

2933*5 

2933*5 


170*17 

2928*2 

2928-2 


175*02 

2901*6 



176*07 

2895*6 



180*44 

2872*7 

2872*7 


191*82 

2814*5 



195*03 

2798*8 



201*81 

2766*4 

2766:4 


204*2 

2755*5 



214*22 

2711*3 

2711*3 


226*27 

2659*6 

2G59*() 


227*08 

2656*2 



246*3 

2579*9 

• 


268*81 

2506*0 

2506*0 


274*52 

2479*9 



275*41 

2476*8 



276*41 

2473*3 

2473*3 


279*92 

2462*2 



280*52 1 

2459*8 j 



282*6 

2453*0 



284*38 

2447*4 

2447*4 


287*46 | 

2437*3 

2437*3 

2437*3 

290*0 

2429*8 

2429*8 

i 

293*08 

2419*9 

2419*9 


295*35 i 

2413*3 

2413*3 

2413*3 

295*94 

2411*3 

2411*3 


297*94 

24»6*4 



298*85 ! 

2404-5 



301*10 

2395*7 



302*74 

2390*8 



304*07 

2386*7 i 


1 

305*25 

2383*6 ! 


1 

307*94 

2375*5 i 



311*70 

2364*3 i 



312*34 

2362*3 



313*47 

2359*2 ! 

2359*2 


313*88 

2358*0 i 

2358*0 


323*35 

2331*7 

2331*7 

2331*7 

325*73 

2325*3 

2325 3 

2325*3 

327*37 

2320*5 

2320*5 

2320-5 

328*59 

2317*4 

2317*4 

2317-4 

342*55 

2280*7 

2280*7 


354*95 

2249 9 

2249*9 


354*90 

2247*6 

2247*6 

2247-6 

862*86 

2230*6 


j 


'I 


0*001 per cent. 


2413*3 


t 


i 
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The Mercury Spectrum. 


Scale numbers. 


Hundredths of an inch, 
f 740 
< 75*37 
[ 77*37 
f 137*95 
\ 137*08 
103*37 
185-45 
258*75 
3(54*51 


) » 
n 


Scale numbers 


Hundredths of an inch. 

02*40 
f 107*51 
J 110*25 
110*03 
118*83 
130*7 
f 152*18 
\ 150*29 
173*05 
170*18 
177*8 
f 182*47 
< 18499 
[187*01 
192*3 
198*28 
199*34 
215*35 
C 224*95 
225*98 
220*56 
1 229*07 
230*23 
233*17 
242*05 
243*10 
248*70 
255*45 

! 269*8 
273*4 
289*95 
292*37 
310*11 
314*85 
321*94 
328*34 
355*83 



Wave-lengths. 

1 

1 per cent. 

. ~ "“j 

01 percent. 

1 

0*01 per cent 

1 3062*9 | 

i 

1 

i 3(551-4 , 


I 

i 

[3632*9 

3032*9 


1 3124*5 i 


i 

\ 3130*4 

3130-4 


29604 | 

2966-4 


2840*8 



2533*8 

2533*8 

2533*8 

2225*7 i 


| 

The Tin Spectrum. 



Wave lengths. 


1 per cent. 

0 1 per cent. 

0 01 per cent. 

3800-3 

3800*3 

1 

i 

f 3351-8 

3351-8 


J 3329*9 

3329*9 

1 

} 3282*9 

32829 


[3261 *0 

3261 -6 


3174*3 

3174*3 


/ 3033 0 

3033*0 


\ 3007-D 

3007-9 


2912-0 


i 

2895*0 


i 

2886-9 


i 

f 2802*0 

2862-0 

1 2862-0 

J 2849*2 


| 

[2833-9 

2833*9 


2812*5 

2812*5 

! i 

2784*0 


j i 

2778*8 

1 2778-8 

j 

2705*8 

2705-8 

2705-8 i 


f2004*2 

2000*0 

2057*9 

2045*4 

2043*2 

2031*4 

2593*0 

2591*7 

2570*5 

2545*6 

2495*0 

2482*9 

2429*3 

2421*8 

2368*3 

2355*0 

2335*3 

2317*9 

2247*0 


2657-9 

i 

1 

2043*2 


2631*4 


2570*5 


2545*6 


2482*9 


2429*3 

2429*3 

2421*8 


2355*0 

j 
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Tite Lead Spectrum. 





Wave-lengths. 



Scale numbers. 



- - 



1 p«»r cent. 

0*1 per cent 

0 01 per cent. 


Hundredths of an inch. 

f 

1 




42*93 

4057-5 

4057*5 



07 01 

3738-9 

3738*9 



72*69 

3082-1) 

3(582-9* 



70-8 

3639*2 

3039-2 



83*31 

8572-0 

3572-0 

35720 


17045 

j 2872*2 

2872-2+ 



188*37 

: 2832*2 

2832*2 



190*30 

28224 




225*41 

2062*5 

2602*5 



237-48 

i 2013*4 

2613 4 



247-OH 

2576*4 




373*43 

2204*3 




Tjtk Tell u riu m Spectrum. 





Wave-lengths. 



Scale numbers 

- 


j 



1 per cent. 

0*1 per cent. 

0 01 per cent 


Hundredths of an inch. 





103*9 

3382*4 

3382-4 



116*43 

3280*0 

3280*0 



1 1 7*35 

3273-4 

3273-4 



120*77 

324(18 

* 32 1*0-8 

3240’8 


1 7G-24 

2894*3 




181*25 

2867*7 




1 834 

2857*0 




3441 

2386*3 

2380-3+ 



304*92 

2383*8 

2383*8 J 



355 1 K 

2248*0 




355*36 

2247-3§ 




357*18 

2243*3 




The Arsenic Spectrum. 



| 


Wave-lengths. 

j 


Scale numbers. 

— 

i 

. i 



1 per cent. 

0 1 per cent. i 

0*01 per cent. 


Hundredths of an inch. 

■A 




183*04 

2859-7 




199-22 

2779-5 

2779-5 



316*6 

2350*1 




339 14 

1 

2288-9 

1 


1 

J 

This is an exceedingly poor spectrum. 



# 

Barely visible. 

t ' 

Very faint. 


X Theite linos appear very distinctly and are continuous in a 

1 per cent, solution. 

¥ 

The two last linos are faint, 2243*3 exceedingly so. 
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Tiie Antimony Spectrum. 


Scale numbers. 

i 

Wave-lengths 

1 per cent. 

0*1 per cont. 

0*01 per cent. 

! 

Hundredths of an inch. 




67*63 

37390 



8074 

3597-8 



90*21 

3504*0 



100-30 

3336-4 



11821 

32666 



120-8 

3246*0 



122-87 

3231*0 



] 32 01 

3020*0 



179-21) 

2877*1 

2877-1 

2877-1 

197-05 

2789*0 

2789-6 


241-65 

2597*2 

2597-2 | 

2597-2* j 

200-33 : 

2527*0 

2527-6 i 

i 

330-37 

2311 8 

I 

: 

i 


The Bismuth Spectrum. 


Seale numbers. 

Wave-lengths. 

1 per cent. 

0 1 per cont. 

0*01 per cent. 

undredtbn of an inch. 




631 

37927 



71-63 

3695*3 



80*99 

3595-7 



89*69 

3510*5 



98*4 

3430*9 



102*25 

3396-7 



146-85 

3067*1 

3067-1 

3067 1 

153 75 

3023*8 

3023*8 


158*98 

2992*2 

2992*1 


159-67 

2988*1 



168 52 

2937*5 


1 

175*85 

2897*2 

2897*2 


18391 

2854*8 

2854*8 


185*49 

2846*1 

2846-1 


294 66 

2414*8 

i 




* There is a little doubt whether this is actually the line observed, as the scale number was omitted 
at the time the notes were written, and the lino had the wave-length 2579"1 assigned to it, which is 
obviously incorrect, as no line w r ith such a wave-length appears on my maps. 
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It has been shown by M. Lecocq de Boisbaudran that when the temperature of a 
source of light (flatne or spark) is increased, the relative intensity of the more 
refrangible rays is much increased ; the absolute brilliancy of the less refrangible rays 
sometimes undergoes a diminution which may even amount to extinction (Comptes 
Rendus, vol. lvxxiii., p. 943). It must not be inferred that photographs of spark 
spectra produced precisely in the manner here described are liable to variations in the 
relative intensities of their lines or the order in which they disappear as the quantity 
of substance in the spark decreases. I have observed the invariable character of the 
cadmium, tin, lead, and magnesium lines in about five thousand photographs, including 
not fewer than two hundred examples of other metals, all being obtained for various 
purposes in the course of seven years’ work under such variable conditions as may be 
introduced by the electrodes being near together or far apart, or by the use of a large 
or small coil, but with a condenser of the same size always in circuit. The reason of 
this constancy is sufficiently obvious when we consider that unless the spark be 
almost at the highest temperature attainable the emissive power is insufficient to 
affect the sensitive plate in the usual period of time ; when there is a slight fall 
in temperature there is a shortening of all lines such as is caused by a diminished 
period of exposure. 

The method of using these tables. 

The scale numbers given in the first column of the tables are linear measurements 
of the positions of the lines in the different prismatic spectra, photographed copies of 
which have been published in the Journal of # the Chemical Society, vol. xli., p. 84. 
They serve two purposes, first as a check upon the wave-lengths quoted, and secondly 
as a means of identifying the lines. Suppose, for instance, I wish to identify the line 
in the indium spectrum which is mapped as double, it will be seen that the least 
refrangible line stands at nearly 16, and the next at as nearly as possible 40 on the 
scale. Applying an ivory rule to the photograph ( loc . cit.), the rule being divided 
into hundredths of an inch, so that the numbers 16 and 40 correspond with the two 
least refrangible lines, it will be found that a very strong line stands at 120, and 
it is this which appears as double on the map, though the fact cannot be seen by 
examination of the printed photographs. A reference to the table will show that at 
119\31 and 1 1 9*68 on the scale there are two lines with wave-lengths 3257'8 and 
325 5' 5, the former of which does not appear in solutions containing -^th per cent, of 
the metal, while the latter continues visible even when only r ^th per cent, is present. 
The tables of scale numbers and wave-lengths are of little value, however, without the 
maps. As an illustration of the way in which the maps may be used, let us suppose 
that a sample of pyrites cinder is being examined for copper and silver. It will be seen 
at a glance that the most persistent group of characteristic lines in the spectrum of 
silver lies between wave-lengths 2300 and 2500, those lines situated in a position 
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corresponding to wave-length 2250 being liable to be confounded with the copper lines 
at the same point, and one of the less refrangible lines of silver being also liable to con- 
fusion with a group of copper lines with wave-lengths lying between 3245 and 3310. 
Referring to the table we get the exact wave-lengths of the lines and their position on 
the scale, so that they may be identified at once on a photographed prismatic spectrum. 
A similar reference to the silver and lead maps and tables will at once tell us the 
exact position of those lines which are to be sought for in a specimen of argentiferous 
lead. In very many cases the character of the lines is sufficient to identify them, 
provided we know something of their position. It may not be without interest if a 
description of the method of working which I have adopted be made to serve as the 
conclusion of this portion of the paper. 

An estimation of beryllium. — A preparation of ceric phosphate was examined in 
order to establish beyond all doubt that it was of great purity. A 10 per cent, 
solution of the substance in hydrochloric acid yielded photographs in which none but 
cerium lines were visible, with the exception of one single line with a wave-length 
3130'2 belonging to beryllium. A solution of beryllium oxide containing foVoth of 
the metal was diluted to 100 times its original volume before its spectrum was com- 
parable with that of the ceric phosphate. It was then seen that the lino with the 
wave-length 3130'2 was much stronger than in the photograph of the ceric phosphate. 
It was therefore considered proved that the preparation contained less than 0'01 per 
cent, of beryllium. 

The analysis of an amygdaloid limestone. — The complete qualitative and quanti- 
tative analysis of a mineral as far as regards the bases present was carried out in the 
following manner. The substance, which we will call mineral (a), consisted of small 
almond-shaped masses apparently of the nature of zeolites interspersed with a highly 
crystalline and almost transparent material considered to be the matrix. It eflervesced 
with acids, dissolving completely and yielding no residue of silica, a result which was 
quite unexpected. After evaporation to dryness, twice repeated, there was even then 
no appreciable quantity of silica. A strong solution containing 20 per cent, of the 
solid was submitted to the spectroscope ; the calcium lines came out prominently in 
the photograph, and in addition the quadruple and the quintuple groups of magnesium 
were noticeable, but no other metallic lines. Magnesium being in much the smaller 
proportion was estimated first. 

The estimation of magnesium. — One gram of the mineral was dissolved in hydro- 
chloric acid and made up to 1 00 centims. by volume. The solution yielded a spectrum 
with closest possible resemblance to that on the test-plate rendered by a solution 
containing r g;|nr gth of the metal. Three separate solutions were made containing 
1, 2, and 3 parts of the mineral in 1000 volumes of the solution. These were photo- 
graphed on one plate. On comparison with the standard photographs it was found 
that they exactly corresponded to those obtained from solutions containing 1, 2, and 3 

2X2 
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parts of magnesium in 100,000 volumes of solution. The mineral, therefore, was 
considered to contain 1 per cent, of magnesium. The comparison of the photographs 
was made by three independent observers who each gave the same figures* from two 
different series of photographs. By simple inspection of the first photograph the 
calcium was seen to be present to the extent of something between 30 and 40 per 
cent, of the mineral. The more precise estimation of this mineral presented some 
difficulties, both on account of the mineral containing this element as its chief con- 
stituent, and by reason of the fact that dust floating in the air is apt to contaminate 
the electrodes with calcium, but not with magnesium. The hydrochloric acid used 
likewise always shows this substance to be present. 

The estimation of calcium. — A series of solutions of calcium chloride were made 
containing the following proportions of calcium : j^yth, loViyth, - 3000 th, 4 -(moth, 

Tin) iflh, TiaVoljth, io.ooo^L To,o 7 ) o^-h, TtT.VoT) th , io,ooolh, 1 0 o!o 0 td'h, TolMiioo^ 1 , 


6. +h 

ioo,ooo U11, 

The first photograph of the mineral, which was taken from a solution containing 
1 gram dissolved in hydrochloric acid and made up to 1 litre, exhibited a spectrum, 
the length and strength of the lines in which indicated between 1 and 2 parts of calcium 
in 4000 of liquid. The solution of the mineral containing 1 in 10,000 corresponded 
very closely with 3 in 1 00,000 of the calcium solution, or about 30 per cent. 

On account of the strength of the calcium lines and the occasional vitiation of the 
results by calcium in floating dust, it was deemed advisable to shorten the period of 
exposure from two minutes to half a minute. 

The next photograph showed that 4 in 100,000 of calcium solution was stronger 
than 1 in 10,000 of the mineral. There is therefore less than 40 and more than 30 per 
cent, calcium in the mineral. 

Photographs of the calcium solution were then taken containing 3‘5 centime., 3‘G 
centime., 37 centime., 3*8 centime., and 3’9 centims. of the standard solution in 
100 centims., or 3’5 parts per 100,000 and so on. 

Photographs were then taken with a quarter and with half a minute’s exposure, which 
was found sufficient ; even five seconds gave very fair indications of the calcium lines. 

The solution of the mineral containing to^to o ^ 1 was then treated in the same way ; 
the results are as follows : — 


* To speak more particularly, the photographs wore taken by Mr. Templeton, a student in the Royal 
College of Science, and his results wero checked by Mr. W, E. Adkney, the Assistant Chemist, and by 
myself, A second senes of photographs was also taken by myself. 
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The mineral. 

l 

10,0 o o 

(1) Fiv e seconds’ exposure. 
The stronger. 


The standard solution. 

3 7 

1 0 0,000 

(1) Five seconds’ exposure. 


(2) Fifteen seconds’ exposure. (2) Fifteen seconds’ exposure. 

The least refrangible pair of lines II and K in the one photograph are of equal 
strength to those in the other. The most refrangible pair of lines are a little stronger 
in the standard solution than in the mineral. 


(3) Thirty seconds’ exposure. (3) Thirty seconds’ exposure. 

The least refrangible pair of lines in the mineral solution appear not quite so strong 
as those of the standard solution. 

(4) Five seconds’ exposure. (4) Five seconds’ exposure. 

(5) Fifteen seconds’ exposure. (•>) Fifteen seconds’ exposure. 

These two series of photographs were compared, but no difference could be observed 
between them, hence it was concluded that 37 per cent, of calcium was contained in 
the mineral. 

This was not considered to be the exact proportion, because the lines had not been 
reduced sufficiently by dilution to give a good indication of the differences between 
solutions of approximately the same composition. It would not have been possible 
to carry further dilution into practice because of the complications introduced by the 
dust in the air. It is needless to sny that carbon electrodes were not employed for 
the later experiment but points of gold. If we calculate the composition of the 
mineral as thus ascertained we arrive at the following numbers : — 


Mg. 

On. 


Per cent- Per cent. 

1 = Mg00 3 . . . 3-5 

37 = CaOO s • • 92-5 

Total soluble carbonates 96*0 


Two analyses made in the ordinary manner by an independent analyst gave the figures 
which here follow. The separation of the magnesia was made with all possible care 
according to the directions of Fresenius/* a correction being introduced for the 
solubility of the ammonia-magnesian phosphate in the filtrate and wash-water. 

Per cent. Pei’ cent. 

(1) Magnesium . 1*17 = MgCO a . 4*08 

Calcium . . 36*45 = CaC0 3 . . 91*11 

Total carl >oi lates . 95*19 


* English Edition, by ,J. Lloyd Ur flock and Am urn Vacho, 1 8 Go, pp. 032, 273, and 107. 
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The portion examined as stated above contained no iron or alumina, only an 
insoluble residue in addition to the carbonates. The following analysis shows a 


slightly different composition : — 

Per cent. 


Per cent. Total carbonates. 

(2) Magnesium. . 1-38 = 

MgC0 3 . 

• 483 I 97*28 

. 92-45 J 

Calcium . . 36*98 = 

CaC0 3 . 

Fe 2 0 3 and A1.,0 ;1 = 


2-24 

Insoluble residue = 


0-82 


Total 100-34 


Estimations of copper . — Several estimations of copper were made with great success 
when the metal was present in not greater proportion than 5 or 6 per cent. Thus 
3 '8 per cent, and 4'2 per cent, were numbers identical with those obtained by the 
ordinary process of analysis of two specimens of pyrites. It is not, however, apparent 
that there is any advantage in estimating copper in this way, since although it may 
be sufficiently accurate and speedy, there are volumetric processes which are quite as 
satisfactory in this respect, and capable of execution with simpler apparatus. 

The spectroscope is only applicable in certain cases with advantage ; when, for 
instance, it enables one to dispense with elaborate processes of separations and 
repeated weighings. I hope in a future communication to place on record the 
method of executing special assays in a perfectly satisfactory manner. 
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A space containing electric currents may be regarded as a Held where energy is trans- 
formed at certain points into the electric and magnetic kinds by means of batteries, 
dynamos, thermoelectric actions, and so on, while in other parts of the field this energy 
is again transformed into heat, work done by electromagnetic forces, or any form of 
energy yielded by currents. Formerly a current was regarded as something travelling 
along a conductor, attention being chiefly directed to the conductor, and the energy 
which appeared at any part of the circuit, if considered at all, was supposed to be con- 
veyed thither through the conductor by the current. But the existence of induced 
currents and of electromagnetic actions at a distance from a primary circuit from 
which they draw their energy, has led us, under the guidance of Faraday and 
Maxwell, to look upon the medium surrounding the conductor as playing a very 
important part in the development of the phenomena. If we believe in the continuity 
of the motion of enorgy, that is, if we believe that when it disappears at one point 
and reappears at another it must have passed through the intervening space, we are 
forced to conclude that the surrounding medium contains at least a part of the energy, 
and that it is capable of transferring it from point to point. 

Upon this basis Maxwell has investigated what energy is contained in the 
medium, and he has given expressions which assign to each part of the field a quantity 
of energy depending on the electromotive and magnetic intensities and on the 
nature of the matter at that part in regard to its specific inductive capacity and 
magnetic' permeability. These expressions account, as far as we know, for the whole 
energy. According to Maxwell’s theory, currents consist essentially in a certain 
distribution of energy in and around a conductor, accompanied by transformation and 
consequent movement of energy through the field. 

Starting with Maxwell’s theory, we are naturally led to consider the problem, 
How does the energy about an electric current pass from point to point — that is, by 
what paths and according to what law does it travel from the part of the circuit where 
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it is first recognisable as electric and magnetic to the parts where it is changed into 
heat or other forms ? 

The aim of this paper is to prove that there is a general law for the transfer of 
energy, according to which it moves at any point perpendicularly to the plane con- 
taining the lines of electric force and magnetic force, and that the amount crossing 
unit of area per second of this plane is equal to the product of the intensities of the 
two forces multiplied by the sine of the angle between them divided by 47r, while the 
direction of flow of energy is that in which a right handed screw would move if turned 
round from the positive direction of the electromotive to the positive direction of the 
magnetic intensity. After the investigation of the general law several applications 
will be given to show how the energy moves in the neighbourhood of various current- 
bearing circuits. 

The following is a general account of the method by which the law is obtained. 

If we denote the electromotive intensity at a point (that is the force per unit of 
positive electrification which would act upon a small charged body placed at the point) 
by (§, and the specific inductive capacity of the medium at that point by K, the 
magnetic intensity (that is, the force per unit pole which would act on a small north- 
seeking pole placed at the point) by $ and the magnetic permeability by /jl, 
Maxwell’s expression for the electric and magnetic energies per unit volume of the 
field is 

K@ 2 /87T-f flty/Xv (1) 

If any change is going on in the supply or distribution of energy the change in this 
quantity per second will be 

K @ / 4t t +/*& ^ /4tt (2) 

According to Maxwell the true electric current is in general made up of two parts 
one the conduction current and tho other due to change of electric displacement in 
the dielectric, this latter being called the displacement current. Now, the displace- 
ment is proportional to the electromotive intensity, and is represented by K(S/47 t, so 
that when change of displacement takes place, due to change in the electromotive 

intensity, the rate of change, that is, the displacement current, is K /47 t, and this is 

Cl t 

equal to the difference between the true current 6 and the conduction current it 
Multiplying this difference by the electromotive intensity (§ the first term in (2) 
becomes 

~ (y) 

The first term of the right side of (3) may be transformed by substituting for the 
components of the total current their values in terms of the components of the 
magnetic intensity, while the second term, the product of the conduction current 
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and the electromotive intensity, by Ohm’s law, which states that $=0(5, becomes 
St 3 /C, where C is the specific conductivity. But this is the energy appearing as heat 
in the circuit per unit volume according to Joule’s law. Tf we sum up the quantity 
in (3) thus transformed, for the whole space within a closed surface the integral of the 
first term can be integrated by parts, and we find that it consists of two terms — 
one an expression depending on the surface alone to which each part of the surface 
contributes a share depending on the values of the electromotivo and magnetic inten- 
sities at that part, the other term being the change per second in the magnetic energy 
(that is, the second term of (2)) with a negative sign. The integral of tho second 
term of (3) is the total amount of heat developed in the conductors within the surface 
per second. We have then tho following result. 

The change per second in the electric energy, within a surface is equal to a quantity 
depending on the surface — the change per second in the magnetic energy — the heat 
developed in the circuit. 

Or rearranging. 

The change per second in the sum of the electric and magnetic energies within a 
surface together with the heat developed by currents is equal to a quantity to which 
each element of the surface contributes a share depending on the values of the electric 
and magnetic intensities at the element. That is, the total change in tho energy is 
accounted for by supposing that the energy passes in through the surface according to 
the law given by this expression. 

On interpreting the expression it is found that it implies that the energy flows as 
stated before, that is, perpendicularly to the plane containing the lines of electric and 
magnetic force, that the amount crossing unit area per second of this plane is equal to 
the product 

electromotive intensity x magnetic intensity x sine included an gle*. 

47T 


while the direction of flow is given by the three quantities, electromotive intensity, 
magnetic intensity, flow of energy, being in right handed order. 

It follows at once that the energy flows perpendicularly to the lines of electric force, 
and so along the equipotential surfaces where these exist. It also flows perpendicu- 
larly to the lines of magnetic force, and so along the magnetic potential surfaces where 
these exist. If both sets of surfaces exist their lines of intersection are the lines of 
flow of energy. 

The following is the full mathematical proof of the law : — 

The energy of the field may be expressed in the form (Maxwell’s ‘ Electricity,’ 
vol. ii., 2nd ed., p. 253) 


J j(JP/ + Qi7 + Rh)dxdydz+ ^ f j j («a-f bf 3 +cy)dxdydz 


the first term tho electrostatic, the second the electromagnetic energy. 
MDCCCLXXXIV. 2 Y 
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But since /•=■ P, with corresponding values for g and h, and a=ga , b = g/3, c=py , 
substituting, the energy becomes 

^}f{( p! +Q ! +K s )«Wj,*+ ! £ffJ'(« i! +/3 J +r)^i/* . . . . (i) 


Let us consider the space within any fixed closed surface. The energy within this 
surface will be found by taking the triple integrals throughout the space. 

If any changes are taking place the rate of increase of energy of the electric and 
magnetic kinds per second is 


K 

4:7T 




P rfI> 4-0 "^4- It — 
1 dt + i dt +lt dt 


dxdudz+ZM/* 


+ /3 ®+y g) dxdydz. 


(It 


(«) 


Now Maxwell’s equations for the components of the true current are 


. <*/ 
u =P+m 


. (J ff 

v ='l+7t 


w=r 4- 


dh 

dt 


where p, q, r are components of the conduction current. 

df . ± , K dP 

--- its value . - 

dt 47 r dt 

obtain 


But we may substitute for ~ its value and so for the other two, and we 


K dP 


K d.Q I 

4tt di =V ~~ q 


k _< m 

47T dt 




( 3 ) 


Taking the first term in (2) and substituting from (3) we obtain 

dt + ® ^ +R ^i) dxd V dz =\\\{P{ u -p)+ Q{v-q)+P>(;io-r)}dxdydz 
=JjJ(Pu-f Qv-\-Pw)dxdydz— |||(Pp+Qrj , 4 -Br)dia:c?yc? 2 ; .... (4) 


Now the equations for the components of electromotive force are (Maxwell, vol. ii., 

p. 222) 
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P= C y-!“ “If -2= c y + F 

Q=az — cx — ,7—- =az — ra + Q 
at ay 

l\ — bx—ay—'~— -£= bx—ay+K 


( 5 ) 


where P', Q', R' are put for the parts of P, Q, R which do not contain the velocities. 
Then 

Pw + Qv ■ + R i f 1 = (c?/ — bz)u-\-(az — cx) v -f- (hx — ay) a’-f-P'w-f- Q'v -f- R 'i v 

= — J (re — v'h)x-\-(wa — uc)y-\-(ub — va)z} + P'u -f Q'c-f-R'/c 
= - (X.r + Yy+Zz) + P'» + Q'v’+ RV 


where X, Y, Z are the components of the electromagnetic force per unit of volume 
(Maxwell, vol. ii., p. 227). 

Now substituting in (4) and putting for u, r, in their values in terms of the magnetic 
force (Maxwell, vol. ii.. p 233) and transposing we obtain 


K 

47T 


rf?+ R ',»)' zrd ^+n f!( x - ; + v .»+ z ')+(p/'+Q</+i‘.«<fa%& 

=|ff(P'.*+Q'»+ R >) dxdydz 

+Q' 


1 

Air 


''ff\ , ,v/*_''r') + i i' dxdydz 


=u\\ 


F - — 

1 dy d: 


u 't- < *Z) ,hc '« dz 


K d.u dy} J 


P'^-R'j 

dy dy 


ax ai 


Integrating each term by parts] 

=~f{(R'(8-QV)rf!'*+if{( p V-K'«)**+£ff(Q'«-PW<My 


d Q' , rfl" die d Q' rfP'l , , 

■y +y T a ~ a ^ + “ * * \ dxdyA * 


-t\m- 

[The double integral being taken over the surface] 

= l : fJ{^R' y 8-QV)+m(PV-R , a)+«(Q'«- p ^)}rfS 

Iff If (dQ! dll'\. a (dW dV'\ , (dY dQ/\ 1 , . , 

-dll i a Kdz-d»)+P U~ *) +y Ur* j}^ z • 

where /, 'in, n are the direction cosines of the normal to the surface outwards. 

2 Y 2 


(G) 
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But from the values of P', Q', R' in (5) we see that 


similarly 


city 

ch 


dll' <PG 

dif dtdz 

_d,(m 

dt \ dy 


d*K dfy 

dxdz Tttdy * dzdx 
dG\ 


da d<x 

=/x~" (Maxwfxl, voj. il, p. 


dt 


216) 


dVS—dV’ _dh_ d/3 
dx dz dt ^ dt 

dV d(y dr, dy 

dz dx dt ^ dt 


Whence the triple integral in (<i) becomes 




Transposing it to the other side we obtain 


K 

4tt 


HK P +Q + R '«+/s f,+y Z) ***** 

+ [fJ"(X.r+Y y + Zz)dxdydz + J Jj*(!Pp -}- Qq - + R r)dxdydz 

= 4 yf{W-QV)+m(PV-R / «)+^(Q' a -^)}^ . . 


• (7) 


The first two terms of this express the gain per second in electric and magnetic 
energies as in (2). The third term expresses the work done per second by the electro- 
magnetic forces, that is, the energy transformed by the motion of the matter in which 
currents exist. The fourth term expresses the energy transformed by the conductor 
into heat, chemical energy, and so on ; for P, Q, R are by definition the components 
of the force acting at a point per unit of positive electricity, so that P pdxdydz or 
! Fdxpdydz is the work done per second by the current flowing parallel to the axis of x 
through the element of volume dxdydz. So for the other two components. This is in 
general transformed into other forms of energy, heat due to resistance, thermal effects 
at thermoelectric surfaces, and so on. 

The left side of (7) thus expresses the total gain in energy per second within the 
closed surface, and the equation asserts that this energy comes through the bounding 
surface, each element contributing the amount expressed by the right side. 

This may be put in another form for if 6' be the resultant of P', Q', R', and 6 the 
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angle between its direction and that of <§, the magnetic intensity, the direction cosines 
L, M, N of the line perpendicular to the plane containing ($' and .£> are given by 

R'£-qV * Vy-li'* Q'«-I>'/3 

($ <§ sin # ’ (S Jj sin # ’ ($'«£> sin 6 

so that the surface integral becomes 

sin 0{Ll+Mm+Nn)dK. 

If at a given point dS be drawn to coincide with the plane containing (S' and >£», it 
then contributes the greatest amount of energy to the space ; or in other words the 
energy flows perpendicularly to the plane containing (S' and <£>, the amount crossing 
unit area per second being (S'Jjj sin 9 /in. To determine in which way it crosses the 

plane take (S' -along 0 z, § along 0 y. Then 

P '=0 Q '=0 

n a , 

“=° ;<r l 

and if sin 0= 1 

L=l M=0 


y=0 

N = 0 


If now the axis Ox be the normal to the surface outwards, 1= 1, m = 0, n— 0, so that 
this element of the integral contributes a positive term to the energy within the sur- 
face on the negative side of the yz plane ; that is, the onergy moves along xO, or in the 
direction in which a screw would move if its head were turned round from the positive 
direction of the electromotive to the positive direction of the magnetic intensity. If 
the surface be taken where the matter has no velocity, (§.' becomes equal to and the 
amount of energy crossing unit area perpendicular to the flow per second is 

electromotive intensity x magnetic intensity x sine included angle 

47T 

Since the surface may be drawn anywhere we please, then wherever there is both 
magnetic and electromotive intensity there is flow of energy. 

Since the energy flows perpendicularly to the plane containing the two intensities, 
it must flow along the electric and magnetic level surfaces, when these exist, so that 
the lines of flow are the intersections of the two surfaces. 

We shall now consider the applications of this law in several cases. 
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Applications of the Law of Transfer of Energy. 

(1.) A straight wire conveying a current. 

In this case very near the wire, and within it, tile lines of magnetic force are circles 
round the axis of the wire. The lines of electric force are along the wire, if we take 
it as proved that the flow across equal areas of the cross section is the same at all 
parts of the section. If A B, fig. 1, represents the wire, and the current is from A to B, 


Fig. 1. 



then a tangent plane to the surface at any point contains the directions of both the 
electromotive and magnetic intensities (we shall write E.M.I. and M.I. for these 
respectively in what follows), and energy is therefore flowing in perpendicularly 
through the surface, that is, along the radius towards the axis. Let us take a portion 
of the wire bounded by two plane sections perpendicular to the axis. Across the 
ends no energy is flowing, for they contain no component of the E.M.I. The whole of 
the energy then enters in through the external surface of the wire, and by the general 
theorem the amount entering in must just account for the heat developed owing to 
the resistance, since if the current is steady there is no other alteration of energy. It 
is, perhaps, worth while to show independently in this case that the energy moving 
in, in accordance with the general law, will just account for the heat developed. 

Let r be the radius of the wire, i the current along it, a the magnetic intensity at 
the surface, P the electromotive intensity at any point within the wire, and V the 
difference of potential between the two ends. Then the area of a length l of the wire 
is 2 irrl, and the energy entering from the outside per second is 

area x E.M.1. x M .I. 2irrl. F.a 

4 7T 4tt 

' 2 tt ra. I V 
47T 

_4tt/V 

Air 

=iV 
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for the line integi’al of the magnetic intensity 2vra. round the wire is in X current 
through it, and P/= V. 

But by Ohm’s law V=LR and iV.=rR, or the heat developed according to Joule’s 
law. 

It seems then that none of the energy of a current travels along the wire, but that 
it comes in from the nonconducting medium surrounding the wire, that as soon as it 
enters it begins to be transformed into heat, the amount crossing successive layers of 
the wire decreasing till by the time the centre is reached, where there is no magnetic 
force, and therefore no energy passing, it has all been transformed into beat. A con- 
duction current then may be said to consist of this inward flow of energy with its 
accompanying magnetic and electromotive forces, and the transformation of the energy 
into heat within the conductor. 

We have now to inquire how the energy travels through the medium on its way to 
the wire. 


(2.) Discharge of a condenser through a wire. 

We shall first consider the case of the slow discharge of a simple condenser consist- 
ing of two charged parallel plates when connected by a wire of very great resistance, 
as in this case we can form an approximate idea of the actual path of the energy. 


Fig. 2. 



Let A and B, fig. 2, be the two plates of the condenser, A being positively and B 
negatively electrified. Then before discharge the sections of the equipotential surfaces 
will be somewhat as sketched. The chief part of the energy resides in the part of the 
dielectric between the two plates, but there will be some energy wherever there is 
electromotive intensity. Between A and B the E.M. I. will be from A to B, and every- 
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where it h perpendicular to the level surfaces. Now connect A and B by a fine wire 
L M N of very great resistance, following a line of force and with the resistance so 
adjusted that it is the same for the same fall of potential throughout. We have 
supposed this arrangement of the resistance so that the level surfaces shall not be 
disturbed by the flow of the current. The wire is to be supposed so fine that the 
discharge takes place very slowly. 

While the discharge goes on a current flows round L M N in the direction indicated 
by the arrow, and there is also an equal displacement current from B to A due to the 
yielding of the displacement there. The current will be encircled by lines of magnetic 
force, which will in general form closed curves embracing the circuit. The direction 
of these round the wire will be from right to left in front, and round the space between 
A and B from left to right in front. The E.M.T. is always from the higher level 
surfaces — those nearer A, to the lower — those nearer B, both near the wire and in the 
space between A and B. 

Now, since the energy always moves perpendicularly to the lines of E.M.I. it must 
travel along the equipotential surfaces. Since it also moves perpendicularly to the 
lines of M.I. it moves, as we have seen in (1), inwards on all sides to the wire, and is 
thore all converted into heat — if we suppose the discharge so slow that the current is 
steady during the time considered. But between A and B the E.M.I. is opposed to 
the current, being downwards, while the M.I. bears the same relation to the current 
as in the wire. Remembering that E.M.I., M.I., and direction of flow of energy are 
connected by the right-handed screw relation, we see that the energy moves outwards 
from the space between A and B. As then the strain of the dielectric between A and 
B is gradually released by what we call a discharge current along the wire L M N, 
the energy thus given up travels outwards through the dielectric following always the 
equipotential surfaces, and gradually converges once more on the circuit where the 
surfaces are cut by the wire. There the energy is transformed into heat. It is to be 
noticed that if the current may be considered steady the energy moves along at the 
same level throughout. 


(3.) A circuit containing a voltaic cell. 

When a circuit contains a voltaic cell we do not know with certainty what is the 
distribution of potential, but most probably it is somewhat as follows :* — Suppose we 

* It seems probable <hat tlie only legitimate mode of measuring the difference of potential between 
two points in a circuit consisting of dissimilar conductors carrying a steady current, consists in finding 
the total quantity of energy given out in the part of the circuit between the two points while unit 
quantity of electricity passes either point. If this is the case, it seems impossible that the surface of 
contact of dissimilar metals can be the chief seat of the electromotive force, for wo have only the very 
slight evolution or absorption of energy there due to the Peltier effect. I have therefore adopted the 
theory of the voltaic circuit in which the scat of at least the chief part of the electromotive force is at 
the contact of the acid and metals. The large differences of potential found by electrometer methods 
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have a simple copper, zinc, and acid cell producing a steady current. There is probably 
a considerable sudden rise in passing from the zinc to the acid, the place where I he 
chemical energy is given up, a fall through the acid depending on the resistance, a 
sudden fall on passing from the acid to the copper, where some energy is absorbed with 
evolution of hydrogen, and then a gradual fall through the w ire of the circuit round to 
the zinc again. There will he a slight change of potential in passing from copper to zinc, 
but this we shall neglect for simplicity. The ecjuipotential surfaces will probably then 
be somewhat as sketched in fig. 3,^ all (he surfaces starting from where the acid comes 
in contact with the zinc, some of the highest potential passing through the acid, other's 
passing between the acid and copper, and crowding in there, the rest lower than these 
cutting the circuit at right angles in points at intervals representing equal falls of 
potential. 

Fig. 3. 



If this be the actual arrangement, then it is seen that the current which (ravels round 
the circuit from zinc through acid to copper, is in opposition to the E.M.l. between the 
zinc and acid, while the M.i. is related to the current in the ordinary way. The energy 
will therefore pass outwards from there along the level surfaces. In fact, the medium 
between the zinc and acid behaves like the medium between the plates of the condenser 
in case No. (2), and it seems possible that the chemical action produces continually 
fresh “electric displacement ” from acid towards zinc which yields as rapidly as it is 
formed, the energy of the displacement moving out sideways. 

between tbe air near two different metals in contact, are in this theory to be accounted for hy the suppo- 
sition that the air nets in a similar inannei to an oxidising electrolyte. A short statement of the theory 
is given in a letter by Professor Maxwell in the ‘Electrician’ for April 201 h, 1 S7D, punted in a note on 
page 149 of his ‘Elementary Treatise on Electricity.’ Sec also § 249, vol. i., Maxwell's 1 Electricity and 
Magnetism.’ — June 19, 1884. 

* In this and the succeeding castes the circuit is alone supposed to cause the distribution of potential. 
In actual eases the surfaces would probably be very much deflected from their normal positions in the 
dielectric through the presence of conductors, electrified matter, and so on. 

MDCCCLX X XIV . 2 Z 
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Some of this energy which travels along the highest level surfaces will converge on 
the acid, and there be, at any rate, ultimately converted into heat. Some of it will 
move along those surfaces which crowd in between the acid and copper and there 
converge to supply the energy taken up by the escaping hydrogen. The rest spreads 
out to converge at last at different parts of the circuit, and there to be transformed 
into heat according to Joule’s law. 

It may be noticed that if the level surfaces be drawn with equal differences of 
potential, equal amounts of energy travel out per second between successive pairs of 
surfaces. For the amount transformed in the circuit in a length having a given differ- 
ence of potential V between its ends will be Y X current, and therefore the amount 
transformed between each pair of surfaces drawn with the same potential difference 
will be the same. But since the current and the field are steady, the energy trans- 
formed will be equal to the energy moving out from the cell between the same surfaces 
— the energy never crossing level surfaces. This admits of a veiy easy direct proof, 
but the above seems quite sufficient. 

This result has a consequence, which though already well known, is worth mention- 
ing here. Let Vj be the difference of potential between the zinc and acid, V 3 that 
between the acid and copper. If i be the current, Vp is the total energy travelling 
out per second from the zinc surface. Of this V 2 i is absorbed at the copper surface, 
the rest, viz., (V, — V 3 )?', being transformed in the circuit. The fraction, therefore, of 

y _y o 

the whole energy sent out which is transformed in the circuit is ! ~- 3 , a result analo- 

’i 

gous to the expression for the amount of heat which can be transformed into work in 
a reversible heat engine. 

One or two interesting illustrations of this movement of energy may be mentioned 
here in connexion with the voltaic circuit. 

Suppose that we are sending a current through a submarine cable by a battery with, 
say, the zinc to earth, and suppose that the sheath is everywhere at zero potential. 
Then the wire will everywhere be at higher potential than the sheath, and the level 
surfaces will pass from the battery through the insulating material to the points where 
they cut the wire. The energy then which maintains the current, and which works 
the needle at the further end, travels through the insulating material, the core serving 
as a means to allow the energy to get in motion. 

Again, when the only effect in a circuit is the generation of heat, we have energy 
moving in upon the wire, there undergoing some sort of transformation, and then 
moving out again as heat or light. If Maxwell’s theory of light be true, it moves 
out again still as electric and magnetic energy, but with a definite velocity and inter- 
mittent in type. We have in the electric light, for instance, the curious result that 
energy moves in upon the arc or filament from the surrounding medium, there to be 
converted into a form which is sent out again, and which, though still the same in kind, 
is now able to affect our senses. 
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(4.) Tlicruioclrctnc arc tuts. 

Let us first take the case of a circuit composed of two metals, neither of which lias 
any Thomson effect. Let us suppose the current:, at the hot junction from the metal 
A to the metal B, tig. 4. According to Professor T a its theory it would appear that 


Fig. 4. 



the E.M.I. at the hot junction is to that at the cold as the absolute temperature at 
the hot is to that at the cold junction. If the current is steady there is probably then 
a sudden rise in potential from A to B at the hot junction, a gradual fall along B, a 
sudden fall at the cold junction — less, however, than the sudden rise at the other — 
and a gradual fall along A. The level surfaces will then all start from the hot 
junction, the higher ones cutting the circuit at successive points along B, several 
converging at the cold junction, and the rest cutting the circuit at successive points 
along A. The heat at the hot junction is converted into electric and magnetic energy, 
which here moves outwards, since the current is against the E.M.I. Some of this 
energy converges upon B and A, to be converted into heat, according to Joule’s law, 
and some on the cold junction, there producing the Peeti kh heating effect. 

Let us now suppose that we have a circuit of the same two metals, now all at the 
same temperature, but with a battery interposed in B, which sends a current in the 
same direction as before (tig. 5). Then if C be the junction which was hot, and I) 
that which was cold in the last case, we know that the current will tend to cool C and 
to heat D. In going from A to B at C there will be a sudden rise of potential, and 
in going from B to A at I) there will be a, sudden fall. Then, since the potential falls, 
as we go with the current along A, there will be a point on A near C which has the 

2 Z 2 
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same potential as B at the junction. From this point lo C, A will Lave lower 
potentials, and points with the same potentials will exist on B between C and the 
battery. Then either the level surfaces passing through t ■ are closed surfaces, cutt ing 
A or B, and not passing through the battery at all, or, as seems much more probable, 
the surfaces from the battery which pass through ( ! cut. the circuit, in three points in 
all outside the battery: once somewhere along A, once at and once somewhere 
along B. I have drawn and numbered the surfaces in tint figure on this supposition. 
The heat developed in the parts of the circuit near C will thus he partly supplied 

Fig. 5. 



Fig. G. 



from the junction C, where the current is against the E.M.I. The energy therefore 
moves out thence, giving a cooling effect. 

Tim Tuomsox effect may be considered in somewhat the same way. Let us suppose 
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that a metal B C of the iron typo, and with temperature falling from B to C, forms 
part of a circuit between two neutral metals of the lead type A B and C D, tig. G, and 
let us further, for simplicity, suppose that these metals are each at the neutral 
temperatures with respect to B C, so that there is no E.M.I. at the junction. If we 
drive a current from A to D by means of some external E.M.I., say at a junction else- 
where in the circuit, the potential will tend to fall from A to D. But a current in 
iron from hot to cold cools the metal, that is, the E.M. appears to be in opposition 
to the current, so that the energy moves outwards. The potential, therefore, tends to 
rise from B to C, and actually will do so if the resistance of B C is negligable com- 
pared with that of the rest of the circuit. In this case the level surfaces will probably 
bo somewhat as indicated in the figure (G), where they are numbered in order, each 
surface which cuts B C also cutting A B and C D, and the energy moving outwards 
will come into the circuit again at the parts of A B and C D near the junctions, where 
it will be transformed once more into heat. If the resistance of B 0 be gradually 
increased the fall of potential, according to Ohm’s law, will tend to lessen the rise, and 
fewer surfaces will cut B 0. It would seem possible so to adjust matters that the two 
exactly neutralised each other so that no energy either entered or left B C. In this 
case we should only have lines of magnetic force round B C, and no other characteristic 
of a current in that part of the circuit.* 

If this is the true account of the Thomson effect it would appear that it should be 
described not as an absorption of heat or development of heat by the current but 
rather as a movement of energy outwards or inwards, according as the E.M.I. in the 
unequally heated metal opposes or agrees with the direction of the current 


(5.) A circuit containing/ a motor. 

This case closely resembles the third case of a circuit containing a copper-zinc cell, 
the motor playing a part analogous to that of the surface of contact of the acid with 
the copper. Let us, for simplicity, suppose that the motor has no internal resistance. 
When it has no velocity all the level surfaces cut the circuit, and the energy leaving 
the dynamo or battery is all transformed into heat due to resistance. But if the 
motor is being worked the current diminishes, the level surfaces begin to converge on 
the motor and fewer cut the circuit. Some of the energy therefore passes into the 
motor, and is there transformed into work. As the velocity increases the number 
cutting the rest of the circuit decreases, for the current diminishes, and, therefore, by 
Ohm's law, the fall of potential along the circuit is less; and ultimately when the 

* Perhaps this is only true of the wire as a whole. If we could study the effects in minute portions 
it is possible that we should find the seat of the E.M.I. due to difference of temperature not the same as 
that which neutralises it, which is according to Ohm’s law. One, for instance, might be between the 
molecules, the other in their interior, so that there might be an interchange of energy still going on, 
though no balance remained over to pass out of the wire. 
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velocity of the motor becomes very great the current becomes very small. In the 
limit no level surface cuts the circuit, all converging on the motor. That is, all the 
energy passes into the motor when it is transformed into work, and the efficiency of 
the arrangement is perfect, though the rate of doing work is infinitely slow. 

(0.) Induced cunxntx. 

It is not so easy to form a mental picture of the movement of energy winch takes 
place when the field is changing and induced currents are created. But we can see in 
a general way how these currents are accounted for. When there is a steady current 
in a field there is corresponding to it a definite distribution of energy. If there is a 
secondary circuit present, so long as the primary current is constant, there is no E.M.I. 
in the secondary circuit for it is all at the same potential. The energy neither moves 
into nor out of it, but streams round it somewhat as a current of liquid would stream 
round a solid obstacle. But if the primary current changes there is a redistribution 
of the energy in the field. While this takes place there will be a temporary E.M.I. 
set up in the conducting matter of the secondary circuit, energy will move through 
it, and some of the energy will there be transfoimed into heat or work, that is, a 
current will be induced in the secondary circuit. 


(7.) The electromagnetic theory of light. 

The velocity of plane waves of polarised light on the electromagnetic theory may be 
deduced from the consideration of the flow of energy. If the waves pass on unchanged 
in form with uniform velocity the energy in any part of the system due to the disturb- 
ance also passes on unchanged in amount with the same velocity. If this velocity be 
v, then the energy contained in unit volume of cubical form with one face in a wave 
front will all pass out through that face in l/v ih of a second. Let us suppose that the 
direction of propagation is straightforward, while the displacements are up and down ; 
then the magnetic intensity will be right and left. If @ be the E.M.I. and § the M.I. 
within the volume, supposed so small that the intensities may be taken as uniform 
through the cube, then the energy within it is K <3 2 /8 7 r + /r ,£> 2 /8 n. The rate at which 
energy crosses the face in the wave front is (?.<£>/ in per second, while it takes 1 jv tl> of a 
second for the energy in the cube to pass out. 

Then 

4:ttv 87t 87 r ' * 

Now, if we take a face of the cube perpendicular to the direction of displacement, 
and therefore containing the M.I., the line integral of the M.I. round this face is equal 
to 4tt X current through the face. If we denote distance in the direction of propaga- 
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tion from some fixed plane by z, tbe line integral of the M.I. is — while the current, 

Hv 

being an alteration of displacement, is ( j- 
Therefore 


d$2_ K . 7 ® 

(h dt 


( 2 ) 


But since tho displacement is propagated on unchanged with velocity v, the displace- 
ment now at a given point will alter in time dt to the displacement, now a distance dz 
behind, where dz—vdt. 


Therefore 

dQt 

d(§, . 

( 3 ) 


dt 

- V d: 

Substituting in (2) 

d%_ 




dz 

dz 


whence 

'& = 



( 4 ) 


the function of the time being zero, since 4? and® are zero together in the parts which 
the wave has not yet reached. 

If we take the line integral of the E.M.I. round a face perpendicular to the M.I. 
and equate this to the decrease of magnetic induction through the face, we obtain 
similarly 

( $=nv .£> (5) 


It may be noticed that tbe product of (4) and (5) at once gives the value of v, for 
dividing out @ <§ we obtain 


l=/xKr 2 


or 


v— 


1_ 

VVK 


But using one of these equations alone, say (4), and substituting in (l) K for 4? and 
dividing by ® 3 , we have 


K _ K 

47r 87 r 87T 


or 

l=p.Kr 2 


whence 


1 
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This at once gives us the magnetic equal to the electric energy, for 

g>ly’ gK‘V @ 3 Iv (E ’ 

<S7T 87 r 87r 


It may be noted that the velocity is the greatest velocity with which the two 


energies can be propagated together, and that they must be equal when travelling 
with this velocity. For if v be the velocity of propagation and 6 the angle between 
the two intensities, we have 


(5»£ sin 6 K (E- _j_ fxfy' 1 

47 TV 87 T 87T 


or 


_ 2 

v ~m ^ 
o? 


The greatest value of the numerator is 2 when 6 is a right angle, and the least 
value of the denominator is 2\ gK, when the two terms are equal to each other and 
to v gK. 


The maximum value of v therefore is 


l 


and occurs wheii Q— 1) ~ and K (E 2 = p<§ 3 . 


The pi’eceding examples will suffice to show that it is easy to arrange some of the 
known experimental facts in accordance with the general law of the flow of energy. I 
am not sure that there has hitherto been any distinct theory of the way in which the 
energy developed in various parts of the circuit has found its way thither, but there 
is, I believe, a prevailing and somewhat vague opinion that in some way it has been 
carried along the conductor by the current. Probably Maxwell’s use of the term 
“ displacement” to describe one of the factors of the electric energy of the medium has 
tended to support this notion. Tt is very difficult to keep clearly in mind that this 
“ displacement” is, as far as we are yet warranted in describing it, merely a something 
with direction which has some of the propei’ties of an actual displacement in incom- 
pressible fluids or solids. When we learn that the “ displacement” it) a conductor 
having a current, in it increases continually with the time, it is almost impossible to 
avoid picturing something moving along the conductor, and it then seems only natural 
to endow this something with energy-carrying power. Of course it may turn out that 
thore is an actual displacement along the lines of electromotive intensity. But it is 
quite as likely that the electric “ displacement” is only a function of the true displace- 
ment, and it is conceivable that many theories may be formed in which this is the 
case, while they may all account for the observed facts. Mr. Glazebrook has already 
worked out one such theory in which the component of the electric displacement at 
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any point in the direction of x is — v 2 £ where £ is the component of the true displace- 
ment (Phil. Mag., June, 1881). It seems to me then that our use of the term is 
somewhat unfortunate, as suggesting to our minds so much that is unverified or false, 
while it is so difficult to bear in mind how little it really means. 

I have therefore given several cases in considerable detail of the application of the 
mode of transfer of energy in current-bearing circuits according to the law given 
above, as I think it is necessary that we should realise thoroughly that if we accept 
Maxwell’s theory of energy residing in the medium, we must no longer consider 
a current as something conveying energy along the conductor. A current in a 
conductor is rather to be regarded as consisting essentially of a convergence of 
electric and magnetic energy from the medium upon the conductor and its transforma- 
tion there into other forms. The current through a seat of so-called electromotive 
force consists essentially of a divergence of energy from tho conductor into the 
medium. The magnetic lines of force are related to the circuit in the same way 
throughout, while the lines of electric force are in opposite directions in the two parts 
of the circuit, — with the so-called current in the conductor, against it in the seat of 
electromotive force. It follows that the total E.M.I. round the circuit with a steady 
current is zero, or the work done in carrying a unit of positive electricity round the 
circuit with the current is zero. For work is required to move it against the E.M.I. 
in the seat of energy, this work sending energy out into the medium, while an equal 
amount of energy comes in in the rest of the circuit where it is moving with the E.M.I. 
This mode of regarding the relations of the various parts of the circuit is, I am aware, 
very different from that usually given, but it seems to me to give us a better account 
of the known facts. 

It may seem at first sight that we ought to have new experimental indications of 
this sort of movement of energy, if it really takes place. We should look for proofs at 
points where the energy is transformed into other modifications, that is, in conductors. 
Now in a conductor, when tho field is in a steady state, there is no electromotive 
intensity, and therefore no motion and no transformation of energy. The energy 
merely streams round the outside of the conductor, if in motion at all in its neighbour- 
hood. If the field is changing energy can pass into the conductor, as there may be 
temporary E.M.I. set up within it, and there will be transformation. But we already 
know the nature of this transformation, for it constitutes the induced current. Indeed, 
the fundamental equation describing the motion of energy is only a deduction from 
Maxwell’s equations, which are formed so as to express the experimental facts as far 
as yet known. Among these are the laws of induction in secondary circuits, and they 
must therefore agree with the law of transfer. We can hardly hope, then, for any 
further proof of the law beyond its agreement with the experiments already known 
until some, method is discovered of testing what goes on in the dielectric independently 
of the secondary circuit. 
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XVI. On the Motion of Fluid, part of which is moving Rotationally and part 

Irrotationally. 

By M. J. M. Hill, M.A., Professor of Mathematics at the Mason Science College, 

Birmingham. 

Communicated by Professor Stokes, D.C.L., Scc.R.S. 

Received December 29, 1883, — Road February 7, 1884. 


Introduction. 


Clebsch has shown that the components of the velocity of a fluid u, v, w, parallel to 
rectangular axes x, y, z, may always be expressed thus 


d-\jr 


dx'dx’ dy'dy ’ dz'dz ’ 


where X, are systems of surfaces whoso intersections determine the vortex lines; and 
the pressure satisfies an equation which is* equivalent to the following 



where p is the pressure, p the density, and V the potential of the forces acting on the 
liquid. 

It is shown in this paper that an equation of a complicated nature in X only can be 
obtained in the following cases (that is to say, as in cases of irrotational motion, the 
determination of the motion depends on the solution of a single equation only) : — 

(l.) Plane motion, referred to rectangular coordinates x, y. 

The equation is somewhat simpler when the vortex surfaces are of invariable form, 
and move parallel to one of the axes of coordinates with arbitrary velocity. 

(2.) Plane motion, referred to polar coordinates r, 6. 

The equation is somewhat simpler when the vortex surfaces are of invariable form, 
and rotate about the origin with arbitrary angular velocity. 

(3.) Motion symmetrical with regard to the axis of z in planes passing through it, 
referred to cylindric coordinates r, z. 

The equation is somewhat simpler, when the vortex surfaces are of invariable form, 
and move parallel to the axis of z with arbitrary velocity. 


* British Association Report for 1881, p. G2. 
3 A 2 
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Suppose that in any of these cases any particular integral of the equation in X is 
taken. 

It is shown that the components of the velocity can be expressed in terms of X and 
differential coefficients of X, and that the current function is also known. 

Tn the case of a fluid, part of which is moving rotationally and part irrotationally, 
the boundary surface separating the rotationally moving fluid from that which is 
moving irrotationally contains the same vortex lines, and may be taken at the surface 
X=0. 

Now, if the integral taken of the equation in X do actually correspond to a case of 
fluid motion in which part of the fluid is moving rotationally and part irrotationally, 
the most obvious way to find the irrotational motion will be to find its current function 
from the conditions supplied by the fact that the components of the velocity are con- 
tinuous at the surface X=0. Examples I. and III. of this paper have been solved in 
this manner. 

If after taking any integral of the equation in X it be found theoretically impossible 
to determine the current function of an irrotational motion outside the surface X=0, 
which shall be continuous with the rotational motion inside it, then the integral in 
question does not correspond to such a case of fluid motion. 

In this method no assumption is made as to the distribution of the vortex lines (as 
in the method of Helmholtz) before commencing the determination of the irrotational 
motion. 

If, however, the rotational motion be known, the components of the velocity are 
known for this part of the fluid. Let the components of the velocity be expressed in 
Clebsoh’s forms, so that y, X, t fi are known. 

Moreover, let the forms be so arranged that the surface separating the rotationally 
moving fluid from that which is moving irrotationally is the surface X=0. 

fly 

Then at this surface the components of the velocity are 

1 dx ay dz 

Now, obtain in any manner a velocity potential <}> for space outside X=0 continuous 
with y a h over the surface X=0. This is theoretically possible always. 

If the velocity potential so obtained make the velocity and pressure continuous all 
over the surface X=0, then a possible case of motion will have been obtained. 

The conditions to be satisfied in order that the velocity may be continuous at the 

surface X=() are that there , In order that the pressure may 

ax ax ay ay dz dz 

be also continuous, it is further necessary that all over the surface X=0. 

The most obvious way of obtaining the velocity potential will be to apply Helm- 
holtz’s method of finding the components of the velocity in terms of the supposed 
distribution of magnetic matter throughout the space occupied by the rotationally 
moving fluid. 

It must, however, be remembered, as is remarked by Mr. Hicks in his report to the 
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British Association on “ Recent Progress in Hydrodynamics,” Part 1 “ That the 
results refer to the cyclic motion of the fluid as determined by the supposed distribution 
of magnetic matter, and do not give the most general motion possible.” It appears 
also from Examples I. and III. of this paper that it is not possible to assume arbitrarily 
the distribution of vortex lines, even when it can be shown that the equations of 
motion are satisfied at all points whore the fluid is moving rotationally, and then to 
proceed to calculate the irrotational motion by means of the supposed distribution of 
magnetic matter. For in these examples, values of the components of the velocity of 
a rotational motion, satisfying the equations of motion throughout a finite portion of 
the plane of x, y, are found. Thus the distribution of vortex lines, and, therefore, that 
of the supposed magnetic matter over a finite portion of tho plane of x, y is known. 
The surfaces that always contain the same vortex filaments are found. Insido one of 
these the supposed magnetic matter is distributed, the current function at external 
points is calculated by Helmholtz’s method, and it is shown that the velocity thence 
deduced is not continuous with the velocity of the rotational motion at the surface, 
which separates the rotationally moving liquid from that moving irrotationally. 

Another way (suggested by Clebsch’s forms) of obtaining the velocity potential will 
be as follows : — 

1 ii/K tpv d--v\ 

Calculate the quantity ~ 4w [ ( J+ d ^+ d 5)- 

Treating p as the density of a material distribution inside X.= 0, taking no account 
of the value of p outside the surface \=0, obtain the potential of this distribution. 
Let the potential inside X=0 be y', and outsido let it be 0. 

X will, in general, differ from y ; first, because y may contain many-valued terms, 
which may be denoted by P, satisfying Laplace’s equation ; and, secondly, because 
y— P may be the potential of a distribution of matter, part of which is outside \=0. 

Accordingly, it is necessary to examine whether it is possible to find many-valued 
terms P satisfying Laplace’s equation such that y'+P=y. 

Then <£+ P will be the velocity potential of the irrotational motion, provided that it 
give zero velocity at infinity. 

Example II. of this paper is solved in this manner. It might also have been solved 
by Helmholtz’s method. 

The few illustrations which follow are a first attempt to apply the theory to 
particular cases. 

Example I. treats of the motion of an elliptic vortex cylinder of invariable form 
parallel to one of its axes with arbitrary velocity. The irrotational motion outside 
the cylinder cannot be supposed to extend to an infinite distance. 

Example II. treats of Kirchhoff’s elliptic vortex cylinder, in which the angular 
velocity of the rotation of the cylinder is a function of the vortex strength, and the 
axes of the elliptic section of the cylinder. 

* Report for 1881, Part I., p. 04. 
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Example III. treats of the revolution of an elliptic vortex cylinder round its axis, 
where the angular velocity is not restricted as in the last case. The irrotational 
motion outside may be supposed to be limited by a smooth rigid confocal elliptic 
cylindric surface, rotating with the same angular velocity. The last example is the 
particular case of this, obtained by supposing the elliptic section of the external 
confocal cylinder to become infinite. 

Example IV. treats of the motion of the fluid in a fixed circular cylindric surface, 
where the vortex strength is any function of the distance from the axis, the irrotational 
motion continuous therewith being supposed to extend to an infinite distance. 

Example V. treats of a possible case of rotational motion inside a certain hollow 
smooth rigid surface of annular form, which moves parallel to its straight axis with 
arbitrary velocity. 


1. ClebschV' forms for the components of the velocity of a liquid u, v, w parallel to 
fixed Rectangular axes x, y, z in space are : — 


dy 

u=-& 

ax 


+X 


d\jr 

dx 


_dXt X < !± 

'dy " r dy 


dz 


difr 

dz ’ 


where the surfaces \= const., t //= const, determine by their intersections the vortex 
lines, and always contain the same particles of liquid. 

If F(X, i p) be an arbitrary function of X, \fj 


•=S+^=&(x-^+))+(-V )+x ) 


dyjr &F(\, yfr) dX 
due, bX dx 


~~<£r' r da 


and similar expressions for v, tv. 

Thus these expressions for the components of the velocity are still in Clebsch’s 
form. 

X', t// are each functions of X, xjj. 

X satisfies the same equation as x- 

# Taking as independent variables three families of surfaces, always containing the same particles, and 
the time, the writer obtained independently Ceebsch’s forms in an article published in the Quarterly 
Journal of Pure and Applied Mathematics, February, 1880, vol. xvii., ontitled “ On Some Properties of 
the Equations of Hydrodynamics.'* 

A demonstration of the same formR for any fluid in which the density iB any function of the pressure 
is contained as a particular case in a paper entitled “ On Some General Equations which include the 
Equations of Hydrodynamics,” which is published in the Transactions of the Cambridge Philosophical 
Society, vol. xiv., part i., the writer having previously seen Clebscii'b paper, “ Ueber Dio Integration der 
hydrodynamiseben Gleichungen,” t Crelle/ Bd. lvi., p. 1. 
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Moreover, since F(X, i/») is an arbitrary function of X, ip ; it can be so chosen that X' 
may be any required function of X, ; i.e., any vortex sheet. 

Therefore tho X in Clebsch’s expressions for u, v, w may be considered as the 
surface of any vortex sheet ; and, consequently, as the surface separating the 
rotationally moving fluid from that which is moving irrotationally. 

Therefore, if <f> be the velocity potential of the irrotationally moving fluid, all over 
the surface X=0, supposing the motion continuous there ; 


Since also 


(!■% d<f> d<f) deft 

d.v dx ’ dy dy ’ dz dz ' 


P 

P 


+T— 


(It 


d % 

dx 


^ \dy. 


+ 


fW 

d. 


+^ 2 


dijr\~ / dyjr\^ 

Jxj + U// 


+ 


dty 

dz 


in the rotationally moving fluid, and 


P 

P 


+y 



in the irrotationally moving fluid, it follows that the condition (or the continuity of 
the pressure at,the surface separating the rotationally moving fluid from that moving 
• • • d(t) rfy 

irrotationally is that ~ = all over the surface X=0. 


Now suppose that there exists a solution of the three equations to which x> K 'I' aro 
subject as given by Clebsch ; then to find </), it is necessary to find it so as to satisfy 
the above surface conditions. 

In any case in which x * s the potential of a distribution of matter inside the surface 
X=0, together with many valued terms satisfying Laplace’s equation, then <f> is the 
potential of this distribution calculated for a point outside X=0, together with the 
same many valued terms, provided that it give zero values for the components of the 
velocity at infinity. 

With regard to the supposed distribution of matter, its total mass must be zero, in 
the case of an incompressible fluid. 

For total mass of supposed distribution of matter = — the integration 
being extended over the surface X=0 


But this = — (total flux outwards across the surface)=0. 

Therefore total mass of supposed distribution of matter =0. 
2. Plane Motion. Rectangular Coordinates. 

In the ordinary notation the equations are 
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du 

dt 


+ W 


du 

dx 





dv 

dt 


i dv . 



-£(M 

-*(f» 




(p«)+ 




(/>'’) = ° 


From which can be deduced 



d.r 


+V 



= 0 


Now regarding this as a particular case of motion in three dimensions in which 
w=0, the motion being parallel to the plane z— 0, it is possible to put by means of 
Olebsch’s forms 




dx 


dx 


dy ' dy 


Therefore 




~ dX dyjr d\ dyjr 
dx dy dy dx 

P 


■=() 


This result has been deduced from the three equations of motion, and Clebsch’s 
forms for the components of the velocity. 

But it cau be deduced from the equation of continuity alone and the following 
aquations known to be satisfied by X, \p. 


dX 

dt 


dX dX 

+ W +V y- =0 

dx dy 


dyjr 

dt 


■ i 

+^+ v 


df 

dy 


= 0 


dX 

dX 


dX 

dX 

dt 

dy 


dx 

~dt 

dyfr 

dyjr 


dyfr 

dyjr 

dt 

dy 

and v= 

dx 

dt 

dX 

dX 

| dX 

dX 

dx 

dy 


\ dx 

dy 

dyfr 

dyjr 


dyjr 

dyjr 

dx 

dy 


dx 

dy 


Therefore 
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Therefore 


dn t dv _ 
dx'dy 


d*\ 


cl\ 


dX 

d-\ 


dX 

dX 




dxdt 


dy 


~ dt 

dxdy 


* dt 

dy 






dyfr 

+ 

dyfr 

d*yfr 


dyfr 

dyfr 


dX 

dX 

dxdt 


dy 


dt 

dxdy 


dt 

dU 

d 

dx 

dy 



dX 


dX 


dX 

dX 

2 dx 

dyfr 

dyfr 



dx 


dy 


dx 

dy 


dx 

dy 



dyfr 


’it 


dyfr 

dyfr 






dx 


dy 


dx 

dl/ 




drX 


d\ 


dX 

<r-\ 


dX 

dX 




dxdy 


~dt 

i 

dx 

dydt 


dx 

~ dt 




d?yfr 


d*jr 

+ 

dyfr 

d~\jr 


dyfr 

dyfr 


dX 

dX 

dxdy 


~~dt 


dx 

dydt 


dx 

dt 

d 

dv 

dy 



dX 


dX 


dX 

dX 

2 dy 

dyfr 

dyfr 



dx 

i 

dy 


dx 

dy 


dv 

dy 



dyfr 


dyfr 


dyfr 

dyfr 






dx 


dy 


dx 

dy 





But from the equation of continuity 


Therefore 


du dv 
dx, dy 


1 (d d.d\ 

7 {d,+ u te+ v d V )i> 


1/d , d . d\ 

-p[dt +U di +V fy)P 


d*x 

dX 


dX 

d*\ 

dxdt 

dy 

+ 

dx 

dydt 

d 2 yfr 

dyfr 

dyfr 

d 2 yfr 

dxdt 

dy 


dx 

dydt 


dX dX 
dx dy 

dyfr dyfr 

dx dy 


dX dX 
dt dy 
dyfr dyfr 
dt dy d 

dX (dX * dx 

dx dy 

dyfr dyfr 

dx dy 


dX dX 
dx dy 

dyfr dyfr 
dx dy 



dX 

dx 





dx 

~dt 





dyfr 

dyfr 


dX 

dX 


dx 

dt 

d 

dx 

dy 


1 dX 

dX 

* dy 

dyfr 

dy/r 


dx 

dy 


dx 

dy 


d± 

dyfr 

\ 




dx 

dy 
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Therefore 

1/d , d , d\ 1 (d , d , d' 

p dx V dy) ^ dX dX dx V dy l 

dx dy 

d i/r dyfr 
dx dy 


dX dX 
dx dy 

dyfr dyjr 
dx dy 


Therefore 


dX difr dX dyfr 

dx dy dy d x 


d , d . d\dx dy 

dt dx ' dy) p 


= 0 as before. 


But since also 


and 


Therefore 


(d d, „ 
[dt +U d^ +V dy) X= ° 

(d , d , d\ , A 

{dt + *Z +v jj)+=° 


dx dyjr dx dyfr 

(lx_dy_ dy_dx __ some f unc fcj on 0 f X, ^,_y^ ^ 


3. In what immediately follows p will be supposed constant. Using suffixes to 
denote differential coefficients 

K (K *P) 

Now let g(\, \f/) be a function of X, i f/ such that 


Therefore 


therefore 


therefore 



Treating this as a partial differential equation for g, the auxiliary system of 

equations is 

dx_ _dy _dg 

-\y~"X/~ 1 
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Whence each of these 


\ x dx 4- 
= 0 


Since, in the differential equation, there are no differential coefficients with regard 
to t, A=const. is one integral of the auxiliary system. 

By means of the equation A = const., y can be expressed as a function of the constant, 
x, and t. As the constant will have to be replaced by A afterwards, it may be said 
that y can be expressed as a function of A, x, t ; and when this value of y is substituted 

in — A,,, let the result be denoted by ( — A y )p Let differentials of the variables A, x, t 
regarded as independent be denoted by b\, bx, bt respectively. 

f ^ t 

Then g= — ) A + an arbitrary function of A, t. 

• (\)f 

It will be convenient to write the arbitrary function in the form — ^ 


Therefore 


9 


=- k3 + 


bx AF(X, /) 


(\)f ' 


Therefore g will appear in the form G(A, x, t) + — • 

Tho equations of the vortex sheets are functions of \fj, A and therefore of g, A. 
Now 

A/+ tiK, -)-t'Ay= 0 


and 

therefore 


that is 


9i+ug, +vg y =o 

AG , AG . , A 2 F(X, l) , A 2 F(X, t) 
bt + AX btbX + AX 2 1 

, /AG , tG, , A 2 F(X, 0 v \ , . /AG s , A 2 F(X, t) , \_ A 

+“U + ^ x ' + ~w~ X -J + U Xi+ \)-° 


AG A 2 F(A, t) AC 
bt AtfAX * U bx 


;+( S +-^ i )( x - + ” x '+” x ')= 0 


therefore 

, MW t) 
bt ' btb\ r 

But 

AG_ _1 


bx"~ Xy 

therefore 



AG 

bx'' 


, ( bG . 
“=M ~bi + 


AG , A 2 F(X, t) 
btbb 
3 B 2 
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substituting this value of u in the equation 


it may be shown that 


-f - u\ c -•(- — 0 




\ ( b - 4- 

X, \ bt btb\ ) 


To determine the current function A, there are the equations 

dX / b f hr 6 2 F(X, £)\ 

dy-H“^(x y )i + ^r, / 

_ dA = _h_ X ( f>_ , W, 0\ 

dX Xy bt) (Xy)x b\bt ) 


From the first of these equations 

4 _XF(X,/) j\ ; . 
A— bt ] 


'bC br 




where \fi is the symbol of an arbitrary function. 

<b f ^ • . • 

Now - — - x is a function of x, t ; and y occurs in it only because it is contained 

n X, therefore 


jv% 


■ b r bx 


=Mi; 


b f bx ~ 

(Xy> 


: ~ f XX f — —r -4- arbitrary function of x and t 
M J(Xy)x J 


bx 


jut the arbitrary function of x and t may be supposed included in \p ( x , t), therefore 


therefore 


XF(X, t) 
: bt 


b 

'bt. 




dX X 2 F( X, t) 

dx b\bt 


d b 
dx 


sM 


— A +-~ 0 


A = A , x A 

dx bx' x b\ 


dy* XX 

i— A_i_x A 
df~br* x^ 


But 
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whence 


therefore 


b _ d X t d 
bt dt \ y dy 


clA_b*F(\ t) 
dx bXbt 


k ~{ i +k i) 


W(\J) x b(b\ hr bx_ b 
' bXbt K tj ( x^ Xr + 








d \t d\ 1 


dt Xy d;yj\ 


arbitrary function of x and t 


Before the last integration can be performed ~ ^ must be expressed as a 

function of X, x, t. If — be expressed as a function of X, x, t then y can occur in it 


only through X. Therefore 


d ( _h\—\ 

dy\ \ J * b\\ Xj , 


Therefore 




b ( XA X, 


6< W 


tx\ X, 


= -?■ +*( x ’ 0 


where is the symbol of an arbitrary function, 
therefore 


, t 2 F(x, 0\ , x, ,v . 


J-&V 

\ bi h\d\* 


b\bt / ' x, 


+ y ~H x > l ) + ^M x > 0 


Hence choosing the arbitrary function xp (x, t ) so that 

yj( x > t)-H x > t) 


this value of agrees with its known value. 
dx 


**> ‘)=j*“*(«. +si 6x i(5 +p < x ’ < > +Q<a: ’ *> 
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where P and Q are arbitrary functions introduced in consequence of the change in 
the order of integration, 
therefore 

A &F(M) 


bt 


+P(X, t)+ Q(x, t). 


Comparing now ‘-7 and with their known values, it will follow that -- f’ ^=0, 
1 0 dx ay dx 

therefore Q(x, t) is a function of t only and may be considered to be included 

in P(X, t). 

As may also be considered to be included in it, it follows* that 


bt 


A = K(X, *) + (**(£)' 


[This form of A may be obtained much more conveniently thus. 
Since and v ~ — it follows that 


therefore 


dx 

dA dA 

h+ dy X *~°- 


A = K(X, <)+[&»(£)*• 

The same way of obtaining A is applicable to Arts. 5 and 8. — August 30th, 1884.] 

* The form in which A appears does not appear to be related to y and —x in the same way, as would 
be expected. 

But denoting differentials of X, y, t by S\, Sy, St, it may be shown that 
The two forms of A will agree if 

= a function of t. 


Suppose that 
But 

therefore 

whence 

therefore 

so that the two forms agree. 


M£)r = R- then *!=£ 

d S d S $ d £ £ v $ d Xy d 

5£ = ty + X *SX 5 dt~~ft+ X *JK' whence ^“~%~x; dx 


dR Xy dR X* 
dy~\ s dx -X* 

M$+W8f 
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But v x — xli)= some function of A, g, 
therefore 

& A ,cPA . 

^+^ =H(X - a) 

where H is an arbitrary function, 
therefore 



r bx 

1 bX 

'(Vb 


The arbitrary functions K(A, t) and ^ ’ being implicitly contained in the integrals 
need not be expressed. 

4. Now suppose that there exists a vortex of invariable form which moves with 
arbitrary velocity along the axis of y. Let the equation to its surface be a function of 
x , and y— Y only, where Y is an arbitrary function of t only. 

Let 

A=L(.r, y- Y) 

then 

. dL 


therefore 






Also y— Y can be expressed as a function of A, x only from the equation 
\—L(x,y— Y). 

Therefore Ay can be expressed as a function of A, a; only, not t. 

C \ 

Therefore G(A, x, t)= — I — * does not contain t, since (A y )* does not contain t, and 

!(\)x • 

may now be written (Ay)*. 

Therefore 


In this case the equation takes the form 


therefore 
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and now 

o-t) 

therefore 

K(X, t)-x Y 

is the current function. 

Of course this could have been directly deduced from the form of the current func- 
tion in the preceding article by putting-^ — Y. 

5. To obtain similar expressions in polar coordinates. 

Let R and fa be the radial and tangential velocities. 

Therefore 

tt=R cos 6 — fa sin 6, v— II sin 0+fa cos 0 


cos 8 \,—— X„: 


. a cos 6 
sm &K+ X« 


M»„~ K,\fis= 


\\jjg-Xexfjr 


X/-j- »X,-f- i'A,, = A/— j— TU r + X,, 


In this case the equation corresponding to the equation in g of Art. 3 is \ r (j e —\ 0 g r —r. 
The auxiliary system of equations is 

dd dr dg 

\r~~ — X~ ' r 


Let differentials of the variables X, r, t when regarded as independent be denoted by 
bk, br, bt respectively. 

Therefore 


9 


r ,- ^ r 


’(V>r 


bF(X,f,)_ 6F(A ,t) 


bx 


Then since 


X/-f- RXr-f- — X 9 = 0, and gt-\- Ry r -f- —g 9 ~§ 


it follows that 


m . & 3 F 


r 
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therefore 


p = V^. h ' 2V 

v-Ui!' + ‘6^X 


X, . (bV, , b s F 


therefore 


V =j-(R sin 0+0 cos 0) — ^(11 cos 0—0 sin 0) 
=r. f ”(Tt sin 0+0 cos 0) + 0 r j^(Il sin 0+0 cos 6) 

— cos 6— 0 sin 6) — 0„-~(Ii cos 0—0 sin 0) 

_rf@_ 1 0R 0 
dr r (19 r 


l f d . , rfli 

v*-u y =- 


To determine the current function A there are the equations 


ltfA 1, (b~¥(\, t) b [ rbr 

u-.... - & J ' * 


r d9~r a \ b\bt 


dA_ _ X, _ ( b 2 V(\t.) __ b_ f rbr 

dr V Xg A bXbt 


From the first of these 


bl’(X, t) bf r rbr 


bt bt 




where is an arbitrary function. 
Therefore 


dA t 3 F(X,<). d S f f rbr d , . 

1 ■WsWs3+*'K r -»> 


dr b\bt r dr hi) J (X^)i 


. v A 

dr br'^bX 


■whence 


-= 6 +A - 
dt bl~ r 'bX 


b d X/ d 
bt-dT^dd 
3 c 
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therefore 


But 


dA i) 

dr bXbt 

i> 3 F(\, t) 


ftX f— A -X,r£- f +~Hr, t ) 

brbti J (\ 0 )r bXb/J J(\ 0 )r br TK 7 


b f rbX b f rbr b 


- bxbf K bt ) ^ K bt\ (Xo) t + bM 7 ’ ^ 




bt 


rbX d 

x^lie 


Xg 


f rtX u(-S=-’^+ <1, ( , > 


where <E> is an arbitrary function. 
Therefore 


/t 2 F(\, 0 

b f rbr \ 

\ bxbt 

~^(Xe)r) 


Choosing the arbitrary function t) so that — t)—Q>(r, t), the value of ^ 


agrees with its known value. 
And siitce 


dr 


‘)=M r > + lf sx If^ +P(x ' ,)+Q(r ' ‘> 


therefore 


‘(Xg) 
b¥(\, t) 


* +' 


-|rbr^— +P(X, £)+Q(r, t) 
and reasoning as in Art. 3 it follows that 

A=K(X, t)-\-^rbr 


And since v x —u y is a function of X, g, it follows that 

(PA . <PA 

therefore 


dx* + dy* ~ H C X > 9 ] 


(s + -:i + ^,){k<m) + k(^}=h[x. 


[ MjXVO (rbr 


\ bX 


>(**)? J 


f>. Now take the case of a vortex of invariable form rotating about the origin. 
Let its equation be 

X=L(r, 6 — (d) 

where <o is a function of t only. 
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Then as before 


and 


therefore 



Mi 

bt 


= 0 


X, 8K(\, t) Id 
r bX r (W 




<3>= rd > — 


, 8K(\, t ) 
Xr b\ 



and the equation in X may he expressed in the form 


dr 2 ' r ( l r ' r 2 


K(X, t ) 



wx, 0\ 

b\ J 


The current function is 


K(\, t). 


,co 


To obtain this directly from the foregoing article, put for “ its value — d> 

\ e 

7. To obtain similar expressions when the motion of every element of the fluid is 
in planes passing through the axis of z, the motion being the same in all such pianos. 
Let t be the velocity away from the axis of z, and w the velocity parallel axis of z. 
The equations of motion are 


+,*+.4— !([*+▼ 


dz 


dr\) i 


dr 
dt 

dw , dw , 
dt +T dr + *i- 


1 / d , d , d \ . t dr dw 

-p\dt +T dr +W dzl P + ~r + dr + Tz - 0 


dw d / [dp -j 

''dz~ 


Differentiating the first equation with regard to z, the second with regard to r and 
subtracting, it can be shown that 


*T + _-W- +r~ +«,- V- - - W 0 

dr'dz )\dr dz)^\d~ di~ dz)\dr dz) 


therefore 


d d 
dt' 1 dr 


. d\fdw dr\ fl Id . d d\ rl / dw c 
+W Jz){Tr~-<fzr i ~p\dt +T dr +W dz) P+ r J [dr ~ < 


dr 

dz 


therefore 


if 

r \ i 


* +T * +u ,*)( d ” 

r \dt' T dr rW dz)\dr 


o dr\ t / dw dr\ 1 f dw dr\ 

r dz) dz) rp\dr dz) 


d . d, d\ l 

* +r * +w *M 


3 c 2 
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Observing that 


This may be written 


d , d , rf\l . r 

dt +T dr +W dz)r--r* 


therefore 


dt^ drj dz)\ r \dr dz t 
1 jdw dr\ 
r \ dr dz ) 


d , d . d 
_ +T - +w _ 


d. d d\ 

dt + T Ir +W JJP 


dw dr "j 
dr dz /* = 0 


This becomes, on putting in Clebsohs forms, r=“^+X^, w==^+X~^ 


d d d \ J 1 fd\ dyfr dyfr d\\ 1 

dt * 7 dr ' W dz) dz dr dz ) J 


And as in Art. 2 this result may be deduced from the equation of continuity and 

ill .• . dx , dx , dylr dyfr dylr . 

the two equations - 7 ;+t~ + ^-7=0, and — 7 ~+t , +•«; — = 0 only. 

1 dt dr dz dt dr dz 

8. Hence, supposing p constant 

byfr 

Kg-—Kg,—r 

Let differentials of the variables X, r, *, when regarded as independent be denoted 
by b\, dr, X* respectively, then 


f r ^ r i 0 

J (\,)r ^ 

:G(X,r,<)+- r ^ 0 

1, ftG , MP(>, 1)1 


1 i f iG _i_ 

■=,. X -l¥ + 


X, 1. fXG , WX, 01 


«;= — . X, 


X. r v i bt 1 X*XX J 
To find the current function A there are the equations 

1 . /b*F(\,t) 6 f rbr \ 1 dA 


,o_xf 

)t XU i 


(*>/ r * 


X< 1 , /X ! F(X, 0 X|>Xr\ 
X, r \ XXX* XUAVV 
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From the first 


therefore 


But 


whence 

therefore 

But 


therefore 


. bV(X, t) b[^(rbr , ,, 

A =—< — '> 

dA b 2 F(X, Ox ^ b f x x f rir , d , x 

* =-»h< x '-* »d H SJ+* 'M’-' 


i_‘ , ; a 

<ir“”i>r +Ar iX 

-i>A 

'Liiv 6 
d,t~bt' ‘ b\ 


b d \t d 
bt dt dz 


dA b 3 F(X, t) 


dr b\bt 
b f rb\ _ f 


bf rb\ b[ rbr o 

K - j. a— K c. r:« + . n 0 
bt J {\.)r bt J (x t ) r br 


»<W/ 


41. 


= {,-64 


(A*)' 

/ X, rf\l 


dt \ e dzj\ z 


dA 

dr 


=M-*+v)“Ivs(-s) 

=h x k{-\h~ r i +,t,{r - t) 

A . /b 2 F(X, t) b[ rbr \ \ t . . b , 

i =H -4X41 -S]s)+ r ‘>+4, M r - *> 


Hence, choosing i/i(r, t) so that 


Mr, t )=-&M r > 0 


and therefore 

*)=[*(»-. «)4r=J'r!,r^): + ^ X f^=[r8r(^):+jySA{0+P(4, ()+Q(r, () 


"■«*», cIAl 

the required form for ~~ is obtained. 


A= 


&F(X, t) 


St 


-|rSr(^)r+P(X, «)+Q( r » 0 
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and reasoning as in Art. 3 it follows that 


>=K(X, ()+| 


rbr 


V 

\/t 


But Yx- ' 

r\ar az 


Therefore 

therefore 


is a function of X, g. 

r 2 \ dr* r dr dz* 




i/d'- i d ,P\I f f rbr 

M*> “r*+,7Wi K < X - , ) + J’*’W.'j J(X? 


9. For a vortex of invariable form which moves parallel to the axis of z. 

X=L(r, z—Z) 

where Z is a function of l only. 

As before 

^= — Z and ^=0 

T =ix.ffi^=ii(K(M)-^ 




Therefore the equation in X becomes 


i.e., 


I £{(; i)K o-j *)}+?£ K o-l" z)=h (x. 


>_(■. 

6\ J (\ t )£ 


therefore 


The current function is 


*.2 . 


K(X, t)-- Z 

To obtain it directly from the preceding article, it would only have been necessary 
to put 
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Illustrations. 


10. Example I. Take the simplest case of the equation in X given in Art. 4, viz., 

where c is a constant. 

/x 2 (v-Y)*\ 

It is required to examine whether g J can represent vortex sheets 

in a motion, part of which is rotational and part irrotational (J] a, b being constants). 
Substituting in the equation 

< 2 /)(».+l)= c 


, <=/ 2 fcV> 
J tr 


v=Y-f.^ 


To find t // it is necessary to solve the equation 


^ 2 (,/-Y )<l+,(y f *A df_ 


The auxiliary system of equations is 


One integral of which is 


dt <l,x dy d^fr 

] 2f(y—Y) O' 

¥ a 2 


(/)fe+^^”)= const. =m 


and the other 


nb , x / f 
t — 777 sin 1 - a/ — = const. 
2 f « V m 


where for m must be substituted its value. 
Hence 


. _ i & 

+=‘-2 ^ Sln \pAv^) 
V a 2+ ¥ 
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Whence 


'# 8 (//— Y) 2 \ d ±_ _?/-Y 

P jilx ~~ 2 / 

a 8 " 1 " b 2 ) dy 2/ 


Substituting for u and v in the dynamical equations 
> o n 

+ V= (ar ~\-(y— Y) 3 ) — y Y + an arbitrary function of t which need not be considered. 


Now the equation determining x which is 


becomes 


<bc , 2/&-Y) ^ / v_§AW 

^ * & 3 \ ft 3 / f/// 

= 2 / 2 (~2 - 1) fe - + 0/ - Y ) Y 4- a function of t. 


The integrals of the auxiliary system are 


(/)fe+^> Y “)== const - = m 


ah . / f 

t — -sin L - A / -= const. =n 
If a V m 


ma?— 6 2 . 4 / 

x=v^r sm ^ 


in (£—«) + ?> \/yY cos — «) + a function of L 


Hence one value of the integral of the equation in y, which may be called x', is 
obtained by substituting for m and n their values, and is 


Whence 


■- aJ sirMy- Y)+i(y-Y) 


x.= a J/-(y- Y) 
x',=^-/*+T 


Y) 


»=/ 


t>=Y- 


But 
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If now e be some constant, then 




-* (S + 


b 3 




2y 2 (a 2 -f/> 2 ) 

Choosing the constant e= — > ^e right hand sides of these equations 


become e\jj X) e\jj y respectively. Therefore 


it= 


<*/ / 0 , z a 2 + & 2 \ 

-4 x ' ^b 3 V 


« 2 + S 2 /* 2 ( y - Y ) 2 

^ « 2 J 2 \a 2 ’ & 2 


7^/r 




ZJ a 3 b 3 U“ 6 s /dy 


Putting in for \ and \p their values, it will be seen that for the x of v 
forms of expression for the components of the velocity, it is necessary to take 


v/eiuisrauji S 


« 2 -& 2 

aW 


fx(y- Y)+Y(y-Y). 




ab . 

2/ 8m 


Vs 


2 ,0/~Y) a 


The terms, containing £ only, may be omitted. 

Thus if p be the density of a distribution of matter of which x is the potential 


ft= _ 1 f d LX,d? x \_ i .2/(« 4 r^)._.£.(y-_X)__ 
' 47r\<Ar 2 dy 3 ) 4w a 4 b* (x 3 (y—Y) 3 \ z 

\a 3+J ~V~) 

therefore 

c a 3 —b 2 x(y — Y) 

p ~ — 17 

U 3+ ' b 3 ) 

The potential of this density (see Art. 1 5) at an internal point is 


c a—b 
2 <x-f 'b 


cab I 


sin 


-l. 




<* , (y-Y) 3 


sin 


-l. 


ft 2 


^x 3 + (y-\y 


3 D 
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Adding to this the cyclic term 


mb »i cc 

, o i Ti ““ 1 - * 

2 's/x' + iy-Yf 


^giving a cyclic constant — irabc = rrab ( -|- 2 £) where 2 £=^ — C ^j the expression 
obtained is 


c a — b . -tr\ , ca b • _i a 

2 « Tt X{y ~ Y)+ 2 m —/Jjf-YT 

W ( ,* + v- 


This will not agree with the value of y, unless 

c a—b a" — h~ 

2 n+b a 2 b* J 

cab f(a" + b 2 ) 

2 ~ ah 

Y=0 

The first and second equation require a=b. 

Hence this method will not lead to a determination of the irrotational motion out- 
side the cylinder. It docs not prove that there is no irrotational motion outside 
continuous with the rotational motion inside the cylinder. 

Supposing Helmholtz's method applied to this case, it would be necessary to find 

a value of A which is the potential of a distribution of matter of density — ^ inside 
the surface 


The result is that inside, 


and outside, 


»» 0/-Y) 2 

b 2 


c«&r p __f 2 (?/— Y) 2 

2 L “ 1 "«(£ l + ft) -1 " b(a + b) 


A=f[c + log 


where 


„ f— - — ~ = 1, and C and C' are constants. 

<r + e o*+e 


If the constants C and C' be properly determined, these expressions will be 

continuous at the surface ~ = 1- Their differential coefficients are also 

a 3 V 

continuous. 
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\t rfA (ft { 1 / • Y) tL\ ~~~ . , _ - i> * 

Now — = — - - , — - — — inside the cylinder. 
ay a + b dx a+b J 

At the surface of the cylinder, ^ and have the same values whether calculated 
from the value of A inside it or outside it. 

In order to have the rotational motion continuous with the irrotational motion, it is 
necessary that all over the surface of the cylinder 

f Y ) _ w (?/~ Y > 

J' — a + b 

• 2 fx rh;r 

a 2 a -+• // 

But these equations cannot be satisfied unless a=b, Y=0. 

The solution may, however, be completed for a finite portion of the plane of x, >/ 
outside the cylinder by means of Example III. which follows 

In Example III., put w= 0, this will make 

X=A of Example 111.=/-— log {y/tf+€+ ^^7*)+^- _Y)!) 


. A v /7^2 _l_ \ / _ (a_Y1 3 

ab(p?-WyV + + '\o* + e 6 3 + e . 


where 


,.,-j (//— Y) 2 _ 

(d + e Id + e 


Therefore the current function A of this example is 


log (v/a^e+/^e)+^(^-(y-Yf) 

/((!"+¥ ) /7-1 j- ri 7 M'Ti/_ -t (y— Y) 8 \ + 
aMa~-b n ~y^ l ' + ^ h +e \a i + € b*+e J xY 


This is equivalent to the form in the abstract printed in the Proceedings. 

For the motion to be possible, it must be supposed to be confined to a cylinder of 
finite section, appropriate surface conditions being supplied at the surface of the 
bounding cylinder. 

11. Example II. In the preceding example it was shown that none of the methods 
would apply for the whole of space surrounding the rotationally moving liquid. 
Knowing Kirchhoff’s investigation of the rotating elliptic vortex cylinder, let the 
form of the equation given in Art. 6 be considered, and the following simple case of 
it taken. 

[dr^r dr + 7 3 dff ! )\ X 2 "/ ° 

* 3 D 2 
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A particular integral is 


‘=(/){’ 


1 cos 2 (0— co) r 2 sin 2 {0 — co)' 
a 2 ~ ¥ 


if 2f(^-\-^—2d>=c{= — 2£ of Kijichhoff’s “ Yorlesungen iiber Mathematische 

Physik.” Zwanzigste Yorlesung). Therefore do is constant. 

Let x, )j be the coordinates of the point x, y if referred to the principal axes of the 
ellipse which rotates with uniform angular velocity o> ; u' if the components of the 
velocity parallel to these moving axes. 

Thus 

x=x cos dot+y sin dot ; y'— — x sin <bt-\-y cos dot 


The velocities along and perpendicular to the radius vector are 

Il= ; fs( x ~ t )= 


r* co 


®=-Ir[ X - 2 


u 


(5 — oos 


'=R cos {6—(o)—® sin {6— do ^ 1 / 

v'=H sin (6— gj)+@ cos (6—a))— — ^—do'jx' 

u—u cos dot—v sin tot 
v—v! sin dot-\-v' cos dot 

-</>(£+£) 


To find \f> it is necessary to solve the equation 


The auxiliary system is 


?+“f+^=° 


dt dx dy 

1 u v 0 


It will be more convenient to obtain t// in terms of x f. 
Since 

dx— cos ddt.dx-\- sin d>t.dy-\-doy'.dt 
dyf— — sin dot.dx- j- cos dot. dy— cox'. dt. 
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therefore 


therefore 


therefore 


dt did dy' d^fr 

1 to cos d sin a )t -f mj — u sin d)t + v cos cot — • 6>x' 0 

dt doc dy' d\(r 

1 u-\-d>y' v'—dox' 0 


dt dx' 






d\fr 

0~ 


The integrals are 


therefore 



• . ^ • *.] 
'P=t- 2 f sm 



The current function A=\— |«r 2 


To find — +V 
P 




First express ^ + u ^. + v Xy) ’ n a ^ orm * n which x > V ■> t are independent variables. 
Id , d , d\ 

\dt +U dx +V dJ' 


d dx' d dy' d (dx' d dy' d 


_ 4 .™ -Z-4 

do dt dx' dt 


^ +u (' 


+ -<=- — \ + J™± + tl±\ 

dx dx''dx dy'/' \dy dx'~ dy dy'J 


=^+(c<m/+m cos cbt-\-v sin d>t)^, -f ( — cox' — u sin cot - {-?> cos cot) 


=!< +w+>o£+(-<^'+*)£ / 

d 2 f/f d 2 /x' d 

dt' b 3 dx' a dy' 


therefore the equations 


du du du d io , '\ 

* + “&+%=-4 p + v ) 



390 


PROFESSOR M. J. M. HTLL ON THE MOTION OF FLUID, TART 


become 


'd , 2 fy' d 2fx' d\. , _ , . . . d/p , T , 

#+ w u coso)t - v smft rf ) as “4? +T 

'rtf , 2// tf 2/7 d \, , d/p T 

di+*»M-iFwr * m +v C0Bb)t)= ~dAp +Y 


therefore 


. 74/2 4/a, .A / 4/2 4/4, \ d/ P 

8 m •*» Lip— + “SO,;.* -; (# + u! -+v 


,, ,«/*■_ 4/a, , 


, / 4/ ' 4/4, .A rf (p 


- cos &3 + c7j + sin c6(.x ( 


-+V 


therefore 


<-s+f --»*)=- «*^+ v )- sin <("+ v )=-, v 


K - s6+^" -"“)=+ 7,(p+ v )- °“" “‘^+ v 


. " A'+v 
<VV + 


therefore 


■?4-V=£c' 2 (^t<r— ^-l-^+WaW 3 - “^- > +“j Ji3 )+ an arbitrary function of the time 


a 2 1 idb‘ 


¥ 1 a°~b' 


To find x 




The auxiliary system of equations to find x is 


r/,r dy d% 

^ 'M 'V I/O .Ok 


*(«*+«*)- J-V 


Substituting for ?*, ^*+V their values, there may be substituted for these the 

equations 

dt dx! dy' d% 


One integral is 


Another is 


i~9 w 

lr a 2 Wv 2 d 2 )\ d 2 * V 2 


f a i +/ 


. , (x { 

‘-2/‘ m [a 


- V z )= 

a V ??i / 
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To find the third, substituting for \j its value b \/j~^ 


V X 


/y 3 t'Af vy ~ yy* 


a~ w a 2 


therefore 


V/ ft 


therefore one value of y satisfying the partial differential equation, which may be 
called x ' s 

, , « 2 -& 2 , , 

X=f- 


X - 


Whence 


ab . . a 


ij 


~ 4-‘ — -= — * 

« 2 “t 3 j d,v! • 2/ 

.c'l yy_± = t 

.,2 » 7/2 O /* 


« 2 1 & 2 ///// 2/ 


A : ' 2 , 1 V^„ ,(f , / rf* 

“ “ y (w + «*“ w+ 9 


(Jj/ V' 2 •' V?<- 1 a- 1 2/y 1 (h-: 

-_-y_ e ^ + ^_ 1 vy=_^ + /_ <i+ ^ +c '!± 




i>+S _ "+2/j +l V,/ 


If, therefore, e be put =2f(d >— ~ 




|’=>'+«m+<5+£-i 


Thus the proper value to take for the y of Clebsch’s forms is y'-f ci(i. Omitting, 
as unnecessary, terms containing t only 


a 2 — & 3 , , j ( . f f\ • i a 


/3 y/2 

? + i 2 
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Calculating 


.in 

4w\</.' ;2 ' (hj 


X , ' 4 _ i 

..2 I , 7 .. 2 I I . 


47r\dx /2 dy' 


1 / 1 _lV^-L 2/ _9 * \ 

4tt\> cfijKa*' b* lx'* v'ty* 


\n- b~) 


ct 1 I 


4tt^ 2 « 3 //V 2 y' 3 \ 3 
\ a 2 ' S 2 / 


Tbe value of the potential due to this density is the single-valued expression given 
in Art. 15, viz. : — 


c a—b , , cab . , 

o — 7~i x y+~^r sin 
2 a -f b J 2 




y.y' 2 

a i+ b°~ 


s/x n - + il 


• cab X* cab 

Add to this the term — sin -1 — ^~==== to give the cyclic constant — ( — 2v)=7rab.2^ 

in Kirohhoff's notation ; then, in order that what is now obtained may be the same 
as x> it is necessary that 

— l 2 r, a—b 

* ~a?b r= 2a + b 

-‘"H.-iy? 


the latter of which is known to be true, but the former will not also be true unless 
cb= — ~ J { = — 7-777;, = 2 £- y-^~ in Kirohhoff’s notation. 

ah (a + by (a + by 

Up to this point no relation has been assumed between d> and f 

Supposing, however, this relation satisfied, the velocity potential at an external 

point is obtained by adding the same term sin -1 — j-y ~— to the potential found in 

2 v x * + y 

Art. 15 for an external point. 

Thus velocity potential at an external point is 


mbx'y' f (fi -f la + 2e i \ 1 ca ^ * -1 x ' 

~y~b~ ^2v/(«* + e)(^+7) ~ 7 + Y Sm </a* + t 


where e is a root of the equation jpT~ e — f> the axes x, y' turning round with 


angular velocity a>= 


’(a + by 


The expressions for the velocity, which may be deduced from this, might also have 
been obtained by Helmholtz’s Method from the current function A which is the 
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potential of the density ——throughout the cylinder ‘ =1, and which is given 

in Example I. 

qj 

These values make- 4" V continuous at the surface. 

P 

12. Example ITT. Supposing the relation found in the last article between f and cb 
not satisfied, it is required to find a solution if possible. 

Using the elliptic coordinates e, v which satisfy the equations 


where 


Hence 


and putting 


-j* € b~ 4- c 

=1 

cr -f v b~-\-v 


— b '- < £ < IJO 

— a 2 < v < — b~ 


n (a~ + e ) fa* + i/_) , , _ (? r + e)(— 7 r — v) 

<r — ir® ’ * h~ — 7r 


a= log (\/ a 2 +e+ + 
/?= — tan -1 \Z~ h ~ v 


,/5\ r 

Latlace’s equation becomes ^ ^+^— =0. 

Tf V be a function of e only, then V:=Ca-|-C'. Similarly V=C/3-t-C' is a solution. 
But if V=E.U where E is a function of e only, U a function of v only, then 

1 .o =■" 

Suppose there exist a value of E such that =/rE. 

Then 


v+^u=o. 


Therefore if 


E=Ae* a +Be-s* 

U=A' cos^/3+B' sin/j/3 

E=A(\/ a 2 -j- € -f v / b 2 + «) p + B( v/' a 2 -j-€+ 

U=A' cos jp tan -1 “|^}-B' sin j p tan' 1 /y/ 
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394 


PROFESSOR M. J. M. HILL ON THE MOTION OF FLUID, PART 


When 

p= 1, E=Cv/«H^+Dv/P+e 

17= C' s/^+v+D\/-lr- v 

p —2, E=C^eH — — - ^+1) / (« 2 +e)(fr 3 + e ) 

U= C'(v+ + V>'V(a*+v){^¥-v) 

and so on. 

Now suppose it required to express A as the current function of an irrotational 
motion under the condition that 


A =f^f %~2 ( x ' 3 +y" : ) wherever 


Assume if possible 


(l' f % y , % /j 

r> 


A+Blog(\/ cr+e+v / A-f"e)+j Ofe-f- ■ j -j-I) v // (o~ -{- e)(6~ -|- e) 


a? + ¥ 
2 


The form of the expression on the right-hand side shows that it is the current 
function of an irrotational motion. 

But 

( , « 2 + 7r\/ , a’ + 7,a\ n~-l\ ,, ,„ x (a>-b *\ 3 

(*+— X”+''2- )=— 


, « 2 + i 3 

& 

1 

c b 

/ .r' 2 

y n \ 

V| 2 = 

- 2 1 

U 3 + e" 

~b- + e) 


therefore the assumption is 


,r'~ v' 2 m 

K>+K-l (^+tn 


:A+B log (y/a*+c+y/F+e)+ C -■?- (.x' 2 -y' 2 )-C 


a °—¥\ 2 


a*-J s a* 

a 2 -4- e ft 3 -f e 


+D-- r - v / (« a +e)(^+e) -J 


.„'2 y'2 


If this is to be satisfied when V+tj— 1 > anf l therefore when e=0, it is possible to 


x fl ,/2 

add 1 ) to either side and then equate the coefficients of x' z , y 2 . The con- 


d 3 ' 
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Btant A can always be chosen so as to make the absolute terms equal. The elimination 
of k from the two equations for U, D in which it occurs will leave the one relation 
between them which must be satisfied. 

/#' 3 ?/ 2 \ 

Adding k f — -f- — 1 j to the right-hand side, the conditions are 


./ « n a- — b- a* — !)* k 

.-=C~ 2 — +D 


a 3 2 


2a 3 1 n~ 


f n i °L^ h \ k 

2 ~ UM °' 2 b~ + Id 


and an equation to determine A. 

The velocity parallel axis of x’ inside cylinder y'. 

The velocity parallel axis of y' outside cylinder = — — (~{ — 

dx \ Cl 

From the assumed value of A for space outside cylinder 


dA 

dy' Z 


rr'H-e 


. v /;; 

2 v /(n= + £j(4> + ,){ B + 1 ’ 


+ •) 


(«*-»•)*/ ■r' 3 y 
« 3 + e + i 3 + e 


»'2 


dA_ 

da?" 


; — C(a 2 — Zr).r' — D(o 2 — & 2 )a:' /y/^ B 


3 + e 
+ e 


de 

dx' 

‘■Z^/la^+eXld + e) 


|B+D ~- 2 - (^ +e +^ +e 


For the continuity of the values of at the surface e=0, it is evident that the 

coefficients of 7— must vanish. Therefore 

da; dy 


Also 


B+D 


0 3 -& 3 ) 3 


!.--»= — C(a 2 — 6®)— D ? (a*-!. 2 ) 

-{-<!= C(a ! -i»)+D^(a s -i*) 


3 E 2 
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These are the same equations as those obtained for the continuity of A if k— 0, 
whence 


C: 


ah [4 f .a' + lP 
- - co 


(a"--by[ab ah 


Therefore 




r '2 ? /2 A 


= const. -»} lo»(vV+«+vV4.)+J.~^-rf-y jfa' 2 -;!/' 2 ) 


** 5 (/('r.+s)-“)v / (a r +£)(^+«) 


a 8 -ft* W \a 3 1 ^ 


,?/ 3 if 2 

a 2 4-e 4- e 


D 

To examine whether this will make the value of - +V continuous at the surface. 

P 

Inside it is known that 


-^+V=ic' 2 ^o> 2 — r+lwj+y' 2 ^w 2 — + arbitrary function of 


<. 


Outside 


+V=- 


)'+(!%- ) )+ arbitror - v falction ° u - 


where <j> is the velocity potential. 

Now as co is constant, if fj> be expressed as a function of x, y (e is a function of x , y) 
then t can only occur in <f> through occurring in x, y. 

Therefore 


dA dd> dm' , d6 di/ , . , 

dt ~~7x ' ' dt +(h / ' dt~~ U ~ V 


/ » / 

ax 


But it has already been shown that the velocities are continuous at the surface. 
Therefore at the surface 

Therefore at the surface 


.S+V= — 2x' 2 (~^—l(b^—2>/ 2 arbitrary function of t. 
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The difference of the values of V as given by the above expressions obtained 
from the motion inside and outside is 


{ 2 / 2 (^+^)-2/ +']y)+ arbitrary function of t. 

As — +'^- = 1, choosing the difference of the arbitrary functions of t to be constant 

and equal to 2/‘o> — 2 f 2 (^\ -f ^ , the value of ^+V will bo continuous at the surface. 
The current function of the irrotational motion is A. 

Therefore the equation to a surface always containing the same particles is 

\ = - (x'~ + y ’ 2 ) + A = const. 


That is, in elliptic coordinates : — 


^(e+v+at+lty+ab • log ( e+ -y/ lr+e) 


+ 


ab 

(a r ~b *)*\ | 


4/ + (r + l) 2 \ / or -\-b" \ /T~cT[~ w/oV"\ 

5-"”^r)( £+ 2 )-y -»jv/(«-+«)(i-+.)^ 


a 2 Ir 


= const. 


Now if e be chosen so as to make the coefficient of v vanish, it will always be 
possible to choose the constant so that the equation is satisfied. Therefore the 
elliptic cylinders corresponding to the values of e which make the coefficient of 
v vanish will be parts of surfaces \= const., and will therefore always contain the 
same particles. 

These values of e satisfy the equation 


q/_ ,y+j) 2 \ 

ab W ab ) 



2 * ab ~ aW 


(o/ 2 — (— — f- e) 


Solving this in the ordinary way, the roots obtained are 



It is necessary to examine whether these roots satisfy the above equation, or the 
equation obtained by changing the sign of the radical on the right-hand side. 
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As positive values of c only are required, it is necessary to examine the relations 
between cii and f which will make e positive 


rf 


'cr + W o, 
iMr / 

(b 2 \ /u> 

f <4\f aj) , 



w 

0 

e is positive. 

CO 

A 

A 

ab 


(b 

2 

ab 

e is infinite. 

2 

6) 

2 

e is negative. 

ab 

< 7 < 

ab 


<b 

r 

2 

ab 

e is infinite. 

2 

to 

a 2 + b 2 

c is positive. 

ab 

< f < 



w 

a 2 + b 2 



T 

a 2 b* 

e is zero. 

a 2 -f b 2 

CO 



aW 

A 

A 

GO 

e is negative. 


If the relation between w and f is such as to make e positive, it is necessary to see 
whether tho equation in e above is satisfied. 

a* + V 2 <w\ 

f 

7»V* 4 

\f) aW 




/«\2_ 4 
(/) aW 
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First suppose 


Then 


to 2 

■00 < — < — 

/ ttb 


y/ « 2 - pe= 


co 2 
-a~ + 

./ a 


Vf? 


// a*J» 


so that 


v/7r+e= 


7 o> 12 

—ft - +- 

/ & 


// «*&* 


V^+«)^'+«)= V - -J 




fj a 2 !)* 


and the equation in e is satisfied. 
Next suppose 


2 a) a 2 + 7r 

ab < ~f < ~~a~lP~ 


\/ ' a 2 +< 


Vff^ 


j <*> ,2 

— &— 4 -~ 




V( 


/ 5 

a»'\2 ' 4 


\// «*&* 


These values, however, do not satisfy the equation in e. 
Hence it appears that if 


d) 2 
- 00 </<“«:& 


/a*+l> s a> 
4 \ cftf f 
c_ /®\* 4 ’ 


the elliptic cylinder for which 
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is part of one of the surfaces \= const.., and therefore always contains the same 
particles. 

,/2 

Hence, if the smooth hollow rigid cylinder - 2 + rotate about its axis with 
uniform angular velocity a>, such that 


€ 



am! 


it is possible that the fluid inside the geometrical surface = 1 should move 

rotationally, and that the fluid between the two cylinders should be moving irrota- 
tionally, the rotational and irrotational motion being continuous. 

The components of the velocity of the rotational motion parallel to the axes of the 
sections of the cylinder by the plane of x, y are 


// 




<0 


The components of the velocity of the irrotational motion in the same directions are 



These expressions for the velocity will not agree with those obtained by Helmholtz’s 

Method, viz., ViJ+ir 1 ) and *“£%( */%£-')• " nleSS " = “I’ 

i.e., in the case of Example IT., and the irrotational motion as obtained by Helmholtz’s 
Method is not continuous with the rotational motion. The other method suggested 

1 /rf 2 v d? y\ 

in this paper (in which the potential of the density — — ( — ^ is calculated) does 
not lead to a result. 

13. Example IV. To consider the case in which the vortex sheets are coaxial 
circular cylinders, and the molecular rotation is a function of the distance from the 
axis. 

This investigation will illustrate the reduction of the components of the velocity to 
Clebsoh’s forms. 
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In this case ~~ + - -7+7 — = a function of r only, and \=F (r). 

dr - r dr r~ dy - J v 

It is supposed here that the initial line from which 8 is measured is fixed. 

Let It, 0 he the radial and tangential velocities, so that 


It — 


1 d\_ 
r d0 Z 


\fi satisfies the equation 


«=-'£= -F'O') 




The auxiliary system of equations is 


(It dr (W dyfr 


One integral is r=m, the other is t-f 8 =n 
Therefore the integrals are A.= F(r), 

The most general form of the integral will bo \p='V(>n, n) where for m and n their 
values must be substituted. 

Substituting for It and 0 in the dynamical equations 


To find x> 


Therefore 


£ +v= h F <’>5 2 7 






*X_F'(r) 
dr r d6 


=i(F'M) s -ffF'W 



The auxiliary system is therefore 


dt_dr 

1 0 


d.8 dx 

Zip. *{F'(r)}*-[{F(r)}»£ 

3 F 
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The integrals are 


r=m, 


t + V\r) e=:n ’ 


x _^{-^ +K y {FW r-t}=. 


therefore the integral of the original system is 




Take X=F(r), n) 

To reduce the components of the velocity to Cleb, sen’s forms, it is necessary to find 
X and T' so that 

d X, x ( !±_ 0 <<X , x H _ F / / x 
cb +X dr-°>ni6 + ‘ KiW- 1 (/) 


Whence 




bX V\r)-rV"(r) »/(.)-#«(,■) 

+ ta 6 {!»}* + ^ > j W + S 


F(r) 


2 1 F'(V)J W r ba'b v (r) 1 6„‘V'(r) 


bX , ,6'P 

6m + F ( r ) 6w ,;-° 


Hi [F(r)} 2 -|{ F'(r) J^ r 


To satisfy these put ■'P=n<f»(r) in each, then since m—r, it follows from the first of 
these equations that 


X = — « |FM<l<Yr 


Substitute in the second equation, therefore, 

-{F(r)<I>-(rMr+B'(«)+l»®(,')=-4 {F(r)}*-f (F(r)}^ 

It is necessary that ft'(ti) should be constant, and it will be found that the constant 
may be taken as zero. 
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Differentiate the last equation with regard to r. 
Therefore 

V'(r\ 

Therefore 


A=F(r) 




If the rotationally-inoving liquid be bounded by the cylinder A=0, and its radius 
be r=a ; then F (a) = 0 
Therefore when 

<•=«, x=»(-«l?'(«))+<} — *a^(«)>-— • 


A suitable value for the velocity potential at points outside the cylinder r=u is 

^=«(-aF'(a))+({-4(F'(a)) s -[(F'(«))^} 


This will make the velocity and pressure continuous at the surface of the rotation- 
ally-moving liquid. Also the velocity at infinity will be infinitely small. 

14. Example V. This case is of interest, because one set of the vortex sheets, viz., 
ar~(z — Z) 2 -fA(?" — a 2 ) 2 =const., consists in part of ring-shaped surfaces. The results 
only are given. 

If a and b are positive, and the constant <ba i , then this represents ring-shaped 
surfaces. 

The equation in A of Art. 9, includes as a special case 


1 (,P_ 


r t+S)^ C ° n8t - 


A particular integral is 

\= ar{z — Z) 2 -}- 6(r a — a 2 ) 2 


T~~2ar(z — Z) and iv= r Z — 2a(z — Z) 2 — 4b(r ~ — a 2 ) 
3 F 2 


giving 
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The value of -+V is 

P 

2ab(r*-a s )*-2 l i*(z-Z)*+8aba^-Z)*-(z-Z)Z + 0 f (t) 

where 0\t) in an arbitrary function of t. 

The differential equation in xf) lias two independent integrals one of which is 

ar~(z —Z)' 2 +b(r~— or)~= const . = e 

and the other 

t — [ -y-- j y- j = const. =/ 

J l a \/ e — b(v M — oL~y J 


where alter the integration is performed, the value of e must be substituted for it. 
The differential equation in x when solved will give 

x =ar n iz-Z)-?yi(z-Zf+4b*%z-Z)+zZ-^Z 2 dt+<l>(t) 


where G and <j> are the symbols of arbitrary functions. 

(J v/ (/y 

Finally, in order to express r as and to as G(c, f ) is taken a.s 

(8b+2a)(bct i —e l) \f. 

Then X= (8fr + 2a)(e 0 — e), \jj =/, y— above expression with the value of G(e,f) taken 
as (86+2«)(6od' — c 0 )f‘, where c = ar~(z — Z)"-\~b (r~ — a 2 ) 2 and 


f- l ~\ V„, 


dr 


r*dr 


2 \/ a \/c — b(r l — a 3 ) 3 " 

X is therefore 

an arbitrary function of (. 


The value of 


<r-x , 

dr • 3 " r 


I ^ 

?’ rf?’ 



calculated from this is complicated. 


The writer 


has not succeeded in applying any of the methods of this paper to complete this 
example. To complete the solution it would bo necessary to fiud a value of the 
velocity potential <f> which is continuous with x ; dl over the surface e=e 0 , and then to 
examine whether the rate of variation of <f> is equal to the rate of variation of x 
normal to surface e=e 0 . The former part of the work is always theoretically possible, 
but it may happen that the latter is not. 



OF WHICH IS MOVING ROTATIONALLY AND PART IRROT ATION ALLY. 405 


The values of the components of the velocity found however completely solve the 
following problem : — 

A hollow, smooth, rigid surface of annular form, whose equation is 

ar\z — Z) 2 -\-b(r~— a-) 2 = const. 

moves parallel to the axis of z with arbitrary velocity Z, to find a possible rotational 
motion inside it. 


Appendix. 

15. The density inside the elliptic cylinder l is 

c -(- - l -\/ y 
47T\//“ «-) J 

a 2 Ir 

it is required (on account of Examples I., II., and III.) to calculate the potential inside 
and outside. 

(It may be noticed that although the density is very great near the axis of the 
elliptic cylinder, yet the total mass of matter inside the cylinder 3 -h'~= const., 

Ct f ) 

however small the constant may be, vanishes. Hence it is not singular that the 
potential should be finite). 

The density varies as xy on every ellipse whose equation is const. 

It will be well to commence by finding the potential of a cylindric shell bounded by 
the cylinders 

^ 2 iC_i 1 ' r ~ y" ■, 

a 2 'f3 2 H !+ W) ! " 

where m is a little > 1, und where the density varies as xy. 

The following are suitable values for the potential 


and 

where 


V'=c -hl^ey inside 

V=c v-«*( 1 -rJmwT.h outeidc 

, f _ , 


a 2 + e 1 /3 2 + e 

and C has to be suitably determined. 
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For V' is finite and continuous inside the cylinder and satisfies Laplace’s equation. 
It is continuous with Y at the surface of the cylinder. 

dV dV 

Also V satisfies Laplace’s equation outside the cylinder, and — , - both vanish 

(tec au 

at infinity. 

To find the volume density p of the shell, let Bn be the thickness of the shell, dn 
an element of normal drawn outwards. 

Also 

,/v d,\r , _ 


Calculating the value of at the surface - „ + ! --= 1 at the surface = 1 

° dn « 3 /3- a 2 + e /3 3 + e 

where e=0 

dV . , a— (3 xy 

dn ^ ' ’a + /3'ay3’ 


if* 

p being the perpendicular from the centre on the tangent to - + 1 at the point x, y. 

CL p 

Similarly at the same point 


dV' a-fi /1 1\ 

therefore 

dY d Y' pCxy oC 1 -^ 

dn dn 2 ’ a 2 / 3 2 

SoC 

Also — =- where a+Sa is semi-major axis of external boundary of shell. 
Hence 

Cxy a 2 -/? 2 a 
P 87T ’ a 2 /? 3 Sa 


Now consider the cylindric shell bounded by the two surfaces 


v? y* , x* 

Vma) i+ ~(fiby~ l and [(m + hm)af + [(m + Sm)bf 


r 




The density at the point x, y inside it is 
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To find the potential of the shell, put 


where 


Hence 


Qyy (ft) 

87 r* a 2 /3 3 *Sa 47T A 3 ,y~\ 3 

U* ft 8 / 


,?: 3 ?/ 2 

atzzma, fi=mb, Sa-=a8w, ~+~==:m* 


AM ^ 

C=— 2c™ 


Therefore potential inside is 


2c8m . a — b 
r/r * a -\~b ‘ 


and potential outside is 


2cSm 


m 2 a 2 4 wt 2 ft 8 4* 2e 


* V-rr’ a \ 2 y(mV + e)(mT + e)j ,T// 


where e is given by the equation 


— — ! 
m 2 rt 2 4 e'wrb 2 4 e 


To calculate the potential of the whole cylinder, put e==m 2 P so that 


** , V _ o 

+ I*“*"/r+r >_ 


Then the potential of the shell, considered above, at an external point, becomes 


2 cZvi ah / « 2 + /y 2 + 21* \ 

‘ tn 9 'W-rf- \ 2 v / (V- + l , )(/' i + \ y )! J 


The limits of integration for m are 0 and 1, when integrating to find the potential 
of the whole cylinder at an external point. 

Therefore the limits of P are 00 and that value of e which satisfies the equation 

£C 2 y 2 • • • 

- — +r# — =1 and which makes both a 2 4-c and Z> 2 +e positive. 
ar+e <r + e 


2mSm- 


fx* 

' “ 1 (« 2 + 1 7 ) 2 


t 1 
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Therefore the potential for the whole cylinder at an external point is 


V 1 


6 N 1 


« 2 + b* + 2P 


x~ y‘ 

2“l / 


(rt 2 + P) 2 ' (0> + P)» 


} 


2^/(a* + V)(V + l')J / 1 2 

1« 3 +P" r 5 8 + Pj 


(VP 


« 2 + i 2 + 2P 


cab 2 y/_ (a? + P)(7/-+P) , mb _ 


tf-a 2 


XlJ 


+ ?/ 3 


H — 5" tan" 


r.r /P+p] 

ty V iPTPj 


cab 

: &^7 2 


m 1— ; 


o 8 +p &*+p 
« 3 +7r + 2e 


r:i^ 1-0 


z>°— « 


2 - v / (« 2 + e)(Z> 2 + e) 
ff 2 +& 2 +2e 


+ v( tan- 




x 

tan -1 - 

y 


2\/ (<t“ + e)(}>' + e) 




1-1- 


v 7 + 1 81 n v/ ^ + /h 


To find the potential at an internal point x, y. 
Suppose that this point lies on the elliptic cylinder - - 


V 


(^) 2 1 (t,bf 1 

Then the potential at x, y = potential of matter inside this cylinder 

+ potential of matter outside it. 

x 2 y~ 

The potential of the matter inside ,"-^= 1 is obtained by taking the same 

• • * • • 

integral as in finding the potential of the cylinder ^+'—=1 at an external point, but 


the limits for m are now 0 and u, i.c., P= oo to P=a root of the equation — v+ , ; , =ja 2 

r 1 « J + P lr + P r 

o c> 

• i # # y/ M 

which makes cr-f-P, Zr-f-P both positive, but this root is zero, since 

0«)“ (y l, )~ 

This gives 


cab 

lr — a 






»L„ 


e a — b X!/ cab , . . 

suTi>+— ■< sm 


,r 

a 


V^+! 2 


— sin -1 


\/.> 3 + y 


/y/2 


3 > 


The potential of the matter outside the cylinder 

•*— r’i* ? xy between the limits m—u and w = 1. 
w? 4 a + b ' 

This gives 


(wf ' (a A ) 2 


;] is the integral of 




1 a — b 

Tb 


xy 



OF WHICH IS MOVING ROTATJOXALLY AND PART IRROTATIONALLY. 409 


Therefore the potential at the internal point x, y is 


c a — b cab I . , 

• + , *< Hill 1 

2a+b J 2 I 


x 

a 


A/ a^'lr 


sin 1 


x/'x * ■+ f 


• • * 9 

Thus if the density at the point x, y inside the elliptic cylinder 3 + J 


*47 rib- — a 2 ) //“' '\r\~’ ^ ien the potential at an internal point is 


a- ' l 


+ *- 
a 2 b 2 


c a — b cab 

2 a+b X ’J+ » 


8111 ' 


X 

-l " 




8111 


-1 . 


o + l 

u~ Ir 


/ 0 I o 




and the potential at an external point is 


cab ( a~ + ?> 2 + 2e 


a~ — V* X y\~ y/ (a 2 4 - e)(lr 4 - e) 


i + 


cab [ . , x 

2 j sm 


where 


xf "" + 1 


■8111 


-I 




+//-J 


+ r. =1 

a 2 + e~b 2 + e 


3 (! 


' 2 , 

,= 1 be 
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XVII. On the Electro-chemical Equivalent of Silver, and on the Absolute Electromotive 

Force of Clark Cells. 

By Lord Rayleigh, D.C.L., F.R.S., and Mrs. II. Sidgwick. 


Received June 18, — Read Juno 19, 1884 


[Plate 17.] 

§ 1. In former communications* to the Royal Society we have investigated the 
absolute unit of electrical resistance, and have expressed it in terms of the B.A. unit 
and of a column of mercury at 0° of known dimensions. The complete solution of 
the problem of absolute electrical measurement involves, however, a second determi- 
'nation, similar in kind, but quite independent of the first. In addition to resistance, 
we require to know some other electrical quantity, such as current or electromotive 
force. So far as we arc aware, all the methods employed for this purpose define, in 
the first instance, an electrical current ; but as a current cannot, like a resistance, be 
embodied in any material standard for future use, the result of the measurement must 
be recorded in terms of some effect. Tims, several observers havo determined the 
quantity of silver deposited, or the quantity of water decomposed, by the passage of 
a known current for a known time. In this case the definition relates not so much to 
electric current as to electric quantity. A more direct definition of the unit current, 
and one which may perhaps be of practical service for the measurement of strong 
currents of 50 amperes or more, would be in terms of the rotation of the plane of 
polarisation of sodium light, which traverses a long column of bisulphide of carbon 
enveloped by the current a given number of times.t 

Other observers have expressed their results as a measurement of the electromotive 
force of a standard galvanic cell. In this case it is necessary to assume a knowledge 
of resistances. The known current in passing a known resistance gives rise to a 
known electromotive force, which is compared with that of the cell. 

In the present communication are detailed the experiments that we have made to 
determine the electro-chemical equivalent of silver, and the electromotive force of 
standard Clark cells. As regards the choice of silver there is not much room for a 
difference of opinion. The difficulties to be overcome in the use of a water volta- 
meter are much greater. Copper is, indeed, employed in ordinary laboratory practice 

* Proc., Ap. 12, 1881; Phil. Trans., 1882, Part II.; and 1883, Part I. 
t See Camb. Phil. Proc., Nov. 26, 1883. 
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and for commercial purposes ; but it is decidedly inferior to silver, both on account of 
its tendency to oxidise when heated in the air, and also because it changes weight in 
contact with copper sulphate solution without the passage of an electric current. 
Dr. Gore* * * § has made observations upon this subject, and our own experience has 
shown that no constancy of weight is to be found under these circumstances. Silver, 
on the other hand, seems to be entirely unaffected by contact with neutral solution of 
the nitrate. 

§ 2. The readiest method of measuring currents is, perhaps, that followed by 
Kohlrausoh, both in his earliert and in his recentf work upon this subject, viz., 
to refer the current to the earth’s horizontal magnetic intensity (II) with an absolute 
galvanometer. The constant of the galvanometer is readily found from the data of 
construction with the necessary accuracy, and there is no doubt that in a well-equipped 
magnetic observatory the method is satisfactory. But the determination of H is no 
such easy matter, and its continual fluctuations must be registered by an auxiliary 
instrument. Many of the results obtained in past years do not appear to be very 
trustworthy, though Koiilraijsch and Wild, who has discussed the sources of error 
in an elaborate manner, are of opinion that a high degree of accuracy is attainable. 
When, however, a current determination is the only object, the exclusion of this 
element seems to be desirable, except for rough purposes, when a sufficiently accurate 
value of H can be assigned without special experiment. 

§ 3. Of the arrangements which may be adopted for measuring the mechanical 
action between a fixed and a mobile conductor conveying the same current, the one 
that is best known is Werer’s electro-dynamometer. § Two fixed coils may be 
arranged on Helmholtz’s principle, so as to give at the centre a very uniform field of 
force, in which the movable coil is suspended bifilarly. In the equilibrium position the 
planes of the coils are perpendicular, but under the influence of the current they tend 
to become parallel, and the deflection produced may be taken as a measure of the 
square of the current. The constant of the instrument, so far as dependent upon the 
dimensions of the large coils, can be readily determined ; the difficulty is to measure 
with sufficient accuracy the dimensions of the small coil, and to determine the force of 
restitution corresponding to a given rotation. The latter element is usually obtained 
indirectly from the moment of inertia of the suspended parts and from the time oi 
vibration. If the small coil contain a large number of turns in several layers, its con- 
stant is very difficult to determine by direct measurement. If, indeed, we could trust 
to the inextensibility of the wire, as some experimenters have thought themselves 
able to do, the mean radius could be accurately deduced from the total length of 
wire, and from the number of turns ; but actual trial has convinced us that fine 

* ‘ Nature,’ Feb. 1, 1883, Feb. 15, 1883. 

t Poao. Ann., Bd. cxlix., S. 170, 1873. 

J Ber. der Phys. — Med. Ges. zn Wurzburg, 1884. 

§ M \xwkll\s * Electricity,* § 725. 
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wire stretches very appreciably under the tension necessary for winding a coil 
satisfactorily. It is possible that the difficulty might be satisfactorily met by an 
electrical determination of the area of the windings after the method given by 
Maxwell,* or that employed in the present investigation. 

§ 4. In the researches of Joule and Cazin the electromagnetic action is a simple 
attraction or repulsion, and can be evaluated directly by balancing it against known 
weights. This method has been followed by Masoart in his recent important work 
upon this subject.! A long solenoid is suspended vertically in the balance, and is 
acted upon by a flat coaxal coil of much larger radius, whose mean plane coincides 
with that of the lower extremity of the solenoid. If the solenoid is uniformly wound, 
it is equivalent to a simple magnet, whose poles are condensed at the terminal faces. 
The electromagnetic action then depends upon (M— M 0 ), where M is the coefficient 
of mutual induction between the fixed coil and the lowest winding of the solenoid, 
and M 0 the corresponding, much smaller, quantity for the uppermost winding. 

This arrangement, though simple in conception, does not appear to us to be the one 
best adapted to secure precise results. It is evident that a large part of the solenoid 
is really ineffective ; those turns which lie nearly in the plane of the flat coil being but 
little attracted, as well as those which lie towards the further extremity. The result 
calculated from the total length of wire (even if this could be trusted), the length of 
the solenoid, and the number of turns, has an appearance of accuracy which is illusory, 
unless it can be assumed that the distribution of the wire over the length is strictly 
uniform. In order to save weight, it would appear that all the turns of the suspended 
coil shoidd operate as much as possible, that is, that the suspended coil should be 
compact and should be placed in the position of maximum effect. J 

§ 5. Neglecting for the time the small corrections of the second order rendered 
necessary by the sensible dimensions of tho sections, let us consider the attraction 
between two coaxal coils of mean radii A and a, situated at distance x. If M be the 
coefficient of mutual induction for the central turns, n, it', the number of windings in 
the two coils, i the current which passes through both, tho attraction is 


nn r 


dx 


( 1 ) 


In this expression i & is already of the dimensions of a force, and M is linear. 
Accordingly dM/dx, though a function of A, a , and x, is itself a pure number, and 
independent of the absolute dimensions of the system. Its value is a question only of 
the ratios a/ A, x/ A. If we write dM/dx—Trf(A, a, x), and consider the variation of f as 
a function of the three linear quantities, the coefficients in the equation 

* ‘Electricity,’ § 754. MoKichan, Phil. Trans., 1873, p. 425. See also Koiilrausch, Wied. Ann,, 
Bd. xviii., 1883. 

t ‘ Journal de Physique,’ March, 1882. 

X B.A. Report, 1882, p. 445. 
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are subject to the relation 


df .d A . da 

x =x A+n +” 


dx 

x 




( 2 ) 

( 3 ) 


If the coils are placed at such a distance apart that the attraction is a maximum, 
p=0, and the calculation is independent of small errors in the value of x. Under 
these circumstances 0, so that proportional errors in A and a affect the result 

in the same degree and in opposite directions. In other words, the attraction becomes 
practically a function of the ratio a / A only. 

To this feature we attach great importance. The ratio of galvanometer constants 
can be accurately determined by the purely electrical process of Bosses A without 
linear measurement of either, and from this ratio we can pass to that of the mean 
radii by the introduction of certain small corrections of the second order. 

In this way all that is necessary for the absolute determination of currents can be 
obtained without measurements of length, or of moments of inertia, or even of 
absolute angles of deflection.' The forces are, however, evaluated in gravitation 
measure, so that the final result requires a knowledge of gravity at the place of 
observation ; but except through this quantity there is no reference to the units of space 
or time. 

§ 6. The final calculation of the attraction is best made with the use of elliptic 
functions ; but useful information, sufficient for a general idea of the conditions and 
for the design of the apparatus, may be derived from the series developed in Max- 
well’s ‘ Electricity,’ § 304. If B, b be the distances of two coaxal coils of radii A 
and a from a point on the axis taken as origin, and C 3 ==A 3 -j-B 3 , we have 


<M 

db 


AV 


{l.2. 


3 £+2.3.4 S^+3.4.5 


r.(B 3 -?A 3 ) 

' ’ ' '<J 5 


(fc 2 -iO+ 


( 4 ) 


in which a, b are supposed to be small relatively to A, B. If we limit ourselves to 
the first term, which we may do when «/ A is small, we see that so far as it depends 
upon the small coil the effect is proportional to the area. The position of maximum 
effect for given coils is found by making B/C 6 a maximum, which leads to B=|A ; so 
that to obtain the greatest attraction the distance of the coils must be equal to half 
the radius of the larger. 

In the present measurements there were two equal fixed coils, one on either side of 
the small coil. If we take the origin midway between, the terms of odd order in b 
ultimately disappear in virtue of the symmetry, and we may write 


dM 

db 


2 a vr 

W C 4 1 


1.2.3 ? +3.4.5 

v 


B(B 2 -|A 2 ) 

"c 5 " " 
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There would be some advantage in a disposition of the coils such that B 3 — -£A 2 =0, 
for then the attraction would be in a high degree independent of the position of the 
suspended coil. In this case 


dM 

db 


= 6fl* A ,X-2l38 


( 6 ) 


If, on the other hand, we take B 2 = jA 2 , we find from the first term 


it 


X -2862 


( 7 ) 


showing a not unimportant increase of effect. To the second order of approximation 
the distance between the fixed coils (2B), corresponding to the maximum effect upon 
a small coil suspended at their centre, is given by 

B=iA(l-A“’) (8) 

so that when a"/ A 2 is sensible the fixed coils should be somewhat closer than when 
or/ A 2 is negligible. For the actual apparatus used a 2 / A 2 is very sensible, and the ideal 
state of things was only imperfectly approached. The coils of the dynamometer used 
for the “ fixed coils” conform to the relation B 2 =jA 2 , and are not adjustable. It will 
be seen later that but little is practically lost by the slight imperfection of the 
arrangements in this respect. 

Formula (7) is sufficient for the preliminary estimate of the attraction to be expected, 
and from (5) we can form an idea of the exactitude necessary in the adjustment of the 
suspended coil. Thus if b be not zero, the correcting factor is, when B=|A, 

1-mJ w 


With the actual apparatus an error in b of one millimetre alters the attraction by 
0 % 2 0 . 000 * 

§ 7. It may be convenient to carry through the rough theory so as to show the 
dependence of the current upon the quantities actually measured. Thus 

Force of attraction =/mn'ra 2 /A 2 , 

where h is written for G7t 2 X , 28G2. If the ratio of the galvanometer constants of the 
coils be /3, we have 

a 2 /A 2 =0V 2 /tt 2 , 

whence 

Force =h/3ri 2 n' 5 jn, 
and 

i=/3~ 1 h~bi <l n~ i ( Force)* (10) 
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We may observe that an error in the number of windings, or, which comes to the 
same thing, a defect of insulation, produces a more serious effect in the case of the 
suspended than in the case of the fixed coils. The error in the ratio of the galvano- 
meter constants enters proportionately, but the error in the weighings is halved. 

Full details of the coils are given later. It will be sufficient here to say that the 
radius of the large coils is about 25 centims., and that of the suspended coil about 
10 centims. The total number of windings on the fixed coils is 450, and on the 
suspended coil 242. The current usually employed was about $ ampere, and the 
double attraction was about the weight of one gram.* 

§ 8. The double attraction is spoken of, inasmuch as the readings were always taken 
by reversal of the current in the fixed coils, for which purpose (Plate 17, fig. 1, E)a 
suitable key was provided. The difference of the weights required to balance the sus- 
pended parts in the two cases gives twice the force of attraction between the suspended 
coil and the fixed coils, independently of the action upon the former of any other part of 
the circuit, and of terrestrial or other permanent magnetism. The current was supplied 
from about 10 either Grove or secondary cells A, and traversed in succession a rough 
tangent galvanometer D (convenient for a preliminary test of the strength and direction 
of the current), two or more silver voltameters in series C, the suspended coil G, and 
then (of course, in opposite directions) the two fixed coils F. The weights necessary for 
balance (in the same position of the key) alter somewhat, both on account of variation 
in the electric current and also from the formation of air currents, due to a slight 
progressive warming of the suspended coil. By recording the times of each weighing 
we can plot two curves (§ 24), from which we can find what would have been at any 
moment the weighing in either position of the key. The difference of ordinates gives 
us what we should have observed, were it possible to make both measurements 
simultaneously. The whole duration of an experiment was from three-quarters of an 
hour to two hours, measured by a chronometer, and as a weighing could be taken 
about every five minutes there was ample material for the construction of the curves. 
What we require for comparison with the deposited silver is the mean current, whereas 
what we should obtain directly from the curves represents the square of the current. 
The whole interval is divided into periods (usually of fifteen minutes), and the difference 
of ordinates corresponding to the middle of the periods is taken from the curves. 

* The actual apparatus was not adapted to the measurement of currents much exceeding ^ ampere. 
The flexible copper connexions of the suspended coil would take an ampere, but the suspended coil itself 
is unduly heated by the passage of an ampere for more than a few minutes. Had it been desirable to 
use stronger currents, it would, of course, have been possible to do so by increasing the gauge of the wire. 
Tho grooves in which the wire is wound being given, it is evident that a proportional increase of the 
current and of the section of the wire leave both the heating and the electromagnetic effects unaltered. 
In this way the apparatus might easily be modified, so as to take currents of 3 or 4 amperes, the only 
other changes that would be required being a multiplication of the flexible leading wires, several of 
which might be arranged in parallel. But for the determination of the electro-chemical equivalent of 
silver, the currents actually used were quite strong enough. 
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The mean square root of the numbers thus obtained gives us a result to which the 
rate of silver deposit should be proportional. 

§ 9. The use of a balance for the measurement of electromagnetic attraction involves 
some special arrangements. The suspended coil must in every case be brought 
to rest in its proper position, corresponding to the zero of the pointer of the balance. 
It was found desirable to give the balance a shorter period of vibration than usual, 
and to obtain control over the arc of vibration an auxiliary coil was introduced, 
throfigh which, with the aid of a key, the current from a Licclanchk cell could be 
made to pass. By this means a force tending to raise or to lower the suspended parts 
could be brought into [>lay at the will of the operator, who, after a little practice, is 
able to stop the vibrations with very little delay.* The weighings were recorded to 
milligrams only ; but the accuracy really obtained was greater than might appear, 
since by anticipating somewhat the change in progress it was possible to note the time 
at which the balance demanded an integral number of milligrams. 

The current was led into the suspended coil by means of fine flexible copper 
wires. To diminish the force conveyed by these to the suspended parts, they were 
bent so as to place themselves naturally in the required positions before the final 
solderings were made. It is important, however, to observe that no assumption is 
made as to the equality of these forces before and during the passage of the current. 
Under its influence the fine wires are no doubt sensibly wanned, but this effect 
and any consequent alterations in the mechanical properties are the same in both sets 
of readings, the only change relating to the direction of the current in the fixed 
coils. 

This point is the more important since the balance is not used in these experiments 
in quite the normal manner. In ordinary weighings there is no force in operation 
upon the pans but gravity, and this vertical force is transferred to the beam. In the 
present application the “ pan ” is not quite free and is subjected to forces which may 
have a small horizontal component. In virtue of the freedom of rotation about tlio 
knife-edge suspending the pan, these forces are transferred without change to the 
beam. The horizontal component would, however, produce little effect in any case, 
since in the horizontal position of the beam its direction would pass very nearly 
through the knife-edge supporting the beam. The weights in the other scale-pan 
give rise to a strictly vertical force. We shall thus be doubly secured against error if 
we provide that the force to be measured (due to the reversal of the current in the 
fixed coils) is strictly vertical, and that the horizontal force, if sensible, remains 
unaltered in passing from one direction of the current to the other. These objects 
are attained when the coils are carefully levelled, and when the readings are always 
taken for a definite position of the suspended coil conveying a constant current. 

§ 10. The suspended coil is wound upon an ebonite ring (§ 13), and is supported by 


* See “ Suggestions for Facilitating the Use of a Delicate Balance,” B, A. Report, 1883. 
MDCCCLXXXTV. 3 H 
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three screws upon a light brass triangle hanging in the balance by a stout copper 
wire. The fixed coils are those of the dynamometer, described in Maxwell’s 
‘ Electricity,’ § 725, and in Latimer Clark’s paper (Phil. Trans., 1874, Parti). In 
setting up tho apparatus the ebonite coil is first suspended, and the dynamometer 
coils are levelled, and adjusted laterally until concentric with it. This is tested by 
carrying round a metal piece making five contacts with the upper ring of the 
dynamometer, and provided with a pointer just reaching inwards to the circumference 
of the ebonite coil. The piece in question may be described as a sort of three-legged 
stool, standing upon the upper horizontal face of the dynamometer ring and carrying 
below two studs which are pressed outwards into contact with the inner cylindrical 
face of the ring. As the piece is carried round the pointer describes a circle coaxal 
with the dynamometer rings. To level the ebonite ring, the distance is calculated by 
which its upper surface should be below the upper surface of the (upper) dynamo- 
meter ring, and a pointer attached to a straight rule is so adjusted that when the rule 
is laid upon its edge along the upper face of the dynamometer ring the pointer should 
just scrape the upper face of the ebonite ring. By applying this test at three points 
the ebonite ring is brought to occupy the desired position. These adjustments were 
made in the first instance by our assistant, Mr. G. Gordon, arid subsequently 
examined by ourselves. With a little care the necessary accuracy is attained without 
difficulty, for, it is scarcely necessary to say, all the errors due to maladjustment are 
of the second order. When in use the suspended parts are protected from currents 
of air by a suitable paper casing. 

Examination showed that the insulation of the various parts was satisfactory. 
Twenty-five cells of a De La Hue’s battery failed to show any appreciable leakage 
between the wire and the rings of the dynamometer coils, though the capacity of the 
condenser thus formed was very noticeable. 

§11. The test for leakage from winding to winding of a coil is a more difficult 
matter. The ebonite ring was first wound on August 9, 1882, and its galvanometer 
constant xvas compared with that of one coil of the dynamometer by Mr. J. M. 
Dodds. The result agreed very ill with the measurements taken during the winding, 
and led to the suspicion that several turns were short-circuited by a false contact. 
The matter was put to a further test in two ways. A second coil of the same 
dimensions was wound with the same number of turns ; and the two coils were 
placed co-axally close together, and so connected in series that a current would 
circulate opposite ways. The circuit was completed by a galvanometer of long 
period. Under these circumstances when one pole of a very long steel magnet is thrust 
suddenly through the opening, there should be no effect observable if the insulation 
is good ; but if any of the turns of one of the coils are short circuited the other coil 
will of course have the advantage, and the galvanometer will indicate a current in the 
corresponding direction. It was found in fact that the second coil preponderated, and 
that 13 extra turns had to be put upon the first coil to obtain the balance. With 
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proper precautions tin’s method of testing seems satisfactory, being approximately 
independent of the equality of mean radii of the coils compared. 

A second test was suggested and executed by Mr. Glazebrook. The two coils 
retaining a fixed position, the ratios of the self-inductions of each to the mutual in- 
duction of the pair were determined by Maxwell’s method.* These ratios, which 
should have been nearly equal, were found to differ considerably in the direction which 
showed a deficiency in the self-induction of the ebonite coil. 

After this it was no longer doubtful that the coil was defective. In unwinding it 
more than one bad place was detected, although the original winding had been carefully 
done under our own eyes. The ring was rewound with fresh wire on Nov. 30, 1882 ; 
and we were so much impressed with the necessity of a thorough check upon the 
insulation that we devised a delicate test similar, as we afterwards found, to one that 
had already been successfully used by Graham Bell.! Four similar coils of fine wire, 
wound upon wood, and of the same mean diameter as the ebonite coil, were arranged 
so as to form a Hughes induction balance. The lower coils form a primary circuit, 
and are connected with a microphone clock or other sourco of variable current. The 
upper coils and associated telephone form a secondary current. The distance between 
the upper and lower coils is such as to allow the insertion of the ebonite coil between 
them, suitable support being provided for it to guard against displacement of the 
principal coils. If* the distances of the four coils arc adjusted by screw-motions 
to an exact balance, so that no sound is audible in the telephone (held at some 
distance away), the introduction of a tertiary circuit between one primary and 
secondary causes a revival of sound whose intensity depends upon the conductivity, 
&c., of the tertiary circuit. If the tertiary circuit consists of a single turn of wiro, such 
as that on the ebonite ring, the sound heard is quite loud, and remains audible when 
a resistance of about 1 ohm is included. A single circlet of copper wire ‘004 inch 
diameter gives a very distinct sound. When the ebonite coil, with ends unconnected, 
is introduced, the sound is audible, but much less than that from the fine copper circlet. 
Part of this effect may be attributed to its finite capacity as a condenser, in virtue of 
which sound might be heard in any case ; but it is probable that the insulation is in 
reality somewhat imperfect. The closing of the circuit through a megohm gives a 
distinct augmentation of sound ; and thus it is evident that the insulation, if not 
perfect, is at any rate abundantly sufficient for the purposes of the present 
investigation. 

The current weighing apparatus was set up in February, 1883, and worked satis- 
factorily from the first. Apart from errors in the constant of the instrument, the 

* ‘ Electricity/ § 756. 

t “ Upon the Electrical Experiments to Determine the Location of the Bullet in the Body of the late 
President Garfield,” &c. A paper read before the American Association for the Advancement of Science, 
August, 1882. 
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determination of the mean value of a current of (say) half an hour’s duration should 
easily he correct to toujoo- 


The fixed coils. 

§ 12. These are the coils of the dynamometer constructed by the Electrical Com- 
mittee of the British Association (see § 10). The mean radii of the two coils and 
the dimensions of the sections are very nearly identical, and for our purpose it is 
unnecessary to note anything but the mean. The following are derived from the 
dimensions recorded in Professor Maxwell’s handwriting in the laboratory note- 
book : — 

A = mean radius=24'81 01 0 
2B= distance of mean planes =25 '00 
2/i~ radial dimension of section =1'29 
2£= axial =1 '50 

the unit in each case being the centimetre. 

The number of turns of wire on each coil is 225. 

The above values are those employed in the calculations of the present investigation, 
and they can be only partially verified without unwinding the wire. Owing, however, 
to the final result being comparatively independent of A and B, even a rough 
verification is not without value. The distance parallel to the axis from outside to 
outside of the grooves in which the wire is wound can be found pretty accurately with 
callipers, and was determined to be 10'433 inches. From inside to inside of the 
grooves the corresponding distance was 9 '2 5 2 inches. The mean of these is the 
distance of mean planes, which is thus 9'8425 inches, or 25'000 centime, exactly. 
This element is, therefore, verified with abundant accuracy. The half difference of 
the two numbers above given represents the axial dimension of the section, and comes 
out P5024 centims., practically identical with 1'50 centime. The mean radius and 
the radial dimension of the section are not now accessible to measurement, but the 
outside circumference agrees sufficiently well with that calculated from the recorded 
dimensions to serve as a verification. 

The number of turns has to be taken entirely upon trust ; but the use of the 
method given in Maxwell’s * Electricity,’ § 708, makes a mistake in this respect 
very unlikely. Moreover, the electrical comparisons to be detailed later (§*14) verify 
the equality of the number of windings on the two coils. 

The resistance of each coil is about 14^ B.A. units, and both coils are well insulated 
from the frame on which they are wound. 
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The suspended coil. 

§ 13. This consisted of 242 turns of copper wire insulated with silk saturated with 
paraffin wax, and was wound upon an ebonite ring supplied by Messrs. Elliotts. 
The weight of the ring was 135 grms., and its section is shown full size in the adjoining 
figure (Plate 1 7, fig. 2). The weight of the wire was 440 grms., so that the total weight 
to be carried in the balance was about 575 grms. The mean diameter of the coil of wire, 
as determined from the inside and outside circumferences, was 8 '090 inches; but it cannot 
be so determined with sufficient accuracy, and the result is not used in the calculation. 
It agrees perhaps about as well as could be expected with that deduced electrically by 
comparison with the large coil. 

The radial dimension of the section (2//)= "9690 eentim. 

The axial (2//) = l ’3843 centims. 

The difficulties experienced in respect of the insulation, and the tests applied, have 
already been related (§11). 

The electrical comparison of radii (§ 14) gave for the ratio of the dynamometer 
radius A to that of the suspended coil a 

2-42113, 

whence 

« =10-2473 centims. 

The mean radius thus determined is not necessarily that corresponding to the 
geometrical centre of the section, as it allows for any inequality in the distribution of 
the windings. 

The resistance of the coil is about 10), ohms. 

Determination of mean radius of suspended cod. 

§ 14. This quantity cannot be determined advantageously by direct measurement, 
but its ratio to that of the large coils can be deduced from the ratio of the galvano- 
meter constants of the coils, and this ratio can be accurately determined by the electrical 
method introduced by Bossoha. * 

It may be shownt that for all purposes we may take the mean radius and mean 
plane of a coil to correspond with the circle passing through the centre of density of 
the windings. If the windings are distributed with absolute uniformity, this point 
coincides with the geometrical centre of the section ; otherwise there may be an 
appreciable distinction. The corrections of the second order, which in consequence of 
the finiteness of the section must be introduced in calculating the effects of the coil, 
have the same values as if the density of the windings were absolutely, instead of 
merely approximately, uniform. 

* Pooa. Ami., 93, p. 402, 1854. 
t Camk Phil. Proc, Feb. 12, 1883. 
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Foi* example, the galvanometer constant Gj is related to the mean radius A 
(as above defined) and to the radial and axial dimensions of the section, 2 h, 2k, 
according to* 


If, therefore, we can determine for two coils the ratio of galvanometer constants, it 
is a simple matter to infer therefrom the ratio of mean radii. 

In Bossoha’s method the two coils to be compared are arranged approximately in 
tho plane of the magnetic meridian, so that their axes and mean planes coincide, and 
a very small magnet with attached mirror is delicately suspended at the common 
centre. If the current from a battery be divided between the coils, connected in such 
a manner that the magnetic effects are opposed, it is possible by adding resistances to 
one or other of the branches in multiple arc to annul the magnetic force at the centre, 
so that the same reading is obtained whichever way the battery current may circulate. 
The ratio of the galvanometer constants is then simply the ratio of the resistances in 
multiple arc. 

To obtain this ratio in an accurate manner, the two branches already spoken of are 
combined with two standard resistances so as to form a Wheatstone’s balance. Of 
these resistances both must be accurately known, and one at least must be adjustable. 
Tho electromagnetic balance is first secured by variation of the resistance associated 
with one of the given coils, which resistance does not require to be known. During 
this operation the galvanometer of the Wheatstone’s bridge is short-circuited. 
Afterwards the galvanometer is brought into action, and the resistance balance is 
adjusted. The ratio of the galvanometer constants is thus equal to the ratio of the 
known resistances. The two adjustments may be so rapidly alternated as to eliminate 
any error due to changes of temperature in the copper wires. 

The above comparison was carried out for each of the two coils of the dynamometer, 
and the coil wound on the ebonite ring, called for shortness tho ebonite coil. On 
account of the smallness of the latter some care is necessary in the adjustments, which, 
however, do not l’equire to be described in detail. Tt will be sufficient to refer to the 
description of the adjustments when the ebonite coil was suspended, and to mention 
that the errors arising from maladjustment (all of course of the second order) could 
hardly affect the final ratio by more than to.ooTc The length of the magnet was 
- x J y inch, and the error due to neglecting it could not exceed toTooo- To' the magnet 
was attached a light silvered glass mirror, such as are employed in Thomson’s galva- 
nometers, and it was protected from air currents by a glass cell. The readings were 
taken by observing the motion of a spot of light thrown upon a scale in the usual way. 

The electrical connexions are shown in the adjoining figure (Plate 17, fig. 3). The 
current from a large Daniell cell A, after passing the reversing key B, divides itself 



* See Maxwell’s * Electricity,’ § 700. 
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at C between the brass coil of the dynamometer D and the ebonite coil E. The 
remaining terminals of these coils are led into mercury cups F and H, into which also 
dip the terminals of the bridge galvanometer g. With the ebonite coil is associated 
a resistance box N. Tho other branches of the balance were (in one arrangement) 
composed of a coil of 10 units in multiple arc with which was placed a high resistance 
box K, and three coils combined in series whose values were about 24, 1, 1 units, making 
together 20. All these coils were of the standard pattern, and their values had been 
already carefully determined. From the cup L the current passed back to the key B. 
The high resistance box K gives a line adjustment by which the ratio of resistances 
can be brought to the required value. The smallest resistance actually used here was 
4000 units. While the electromagnetic balance was under observation a horse-shoe 
piece of stout copper rod P, connected with the key as shown in the figure, was inserted 
in the cups F, H. By this means these cups are brought accurately to the same 
potential, and nearly all the current is diverted from tho standard resistance coils. 

The determination of the electromagnetic balance is rendered more troublesome by 
the fact that tho first motion of the magnet on the reversal of the current is influenced 
by induction, and cannot be used as a test. No attempt was made actually to com- 
plete the adjustment, but by preliminary trials resistances from N differing by about 
- a , ( - ) - unit were found, such that the effects observed were reversed in passing from one 
to the other. From the magnitude of these effects the required result is obtained by 
interpolation. At the beginning and end of a series the two ratios of resistances were 
determined by use of K, the horse-shoe P being of course withdrawn ; and the mean 
of the initial and final values (which usually differed extremely little) was employed 
in the reduction. 

As an example, we may take some observations on Sept. 5, 1883, with tho coil of 
the dynamometer marked B. The difference of readings on reversal of the battery in 
a given manner was taken alternately with certain resistances from N, which we may 
call a and b. The results were 

with a + ‘7, + *3, + 1'3, fl-TO mean -f* ’8 ; 

with b —8 ’4, —8 ‘4, —8 '5, 9 - 5 mean —87. 

Now with a the resistance from K, associated with the [ 10], and necessary for the 
resistance balance, had to be such that (at a standard temperature) the resultant 
resistance of this branch was 9*97772 ; while with b the resultant resistance had to be 
9 ’99 182. The resistance that would have been required here, if N had been accurately 
adjusted for the electromagnetic balance, is thus 

9‘97772-j- X - 01 4 10=9 ’978 90. 

V\) 
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The resistance in the other branch was 25'95648, so that the ratio of galvanometer 
constants is determined to bo 

25-95648/9-97890= 2*60113. 

It will be seen that even with a single cell the sensitiveness was such that the errors 
of reading could scarcely exceed totVoo 1 indeed, the weakest part of the arrangement 
is in the standard resistances. 

With use of the above resistance coils the values obtained for coil B on three 
occasions were 

2-60087, 2-60098, 2-60118, mean 2-60099. 

As a further check, the experiment was repented with a different combination of 
resistance coils. The 26 was replaced by 13. made up of three singles and of the 
same [10], while the [10] was replaced by a [5]. Two experiments gave 

2"60046, 2-60026, mean 2-60036. 

The mean result of the two airangements is thus 2 "60067. The difference is about 
To J oo> and would be explained by an error of in the value of the [lo].* 

For coil A of‘ the dynamometer the ratio of galvanometer constants was found in 
like manner to be 2-60072, the close agreement of which with 2"000G7 is a verification 
of the winding and insulation of the coils. For the further calculations we require 
only the mean, and we therefore take as the ratio of galvanometer constants for the 
ebonite coil and a coil of the dynamometer 

260070. 


The accuracy obtained in the above determinations is doubtless quite sufficient for the 
purposes of the present investigation, but if it were desired to push the power of the 
method to its limit it would be necessary to design the coils so that the ratio should 
be (approximately) expressible by very simple numbers. If in the present case, for 
example, we were content to sacrifice one-fifth of the number of turns on the ebonite 
coil, the ratio could be made to approach that of 2 : 1. The standard resistances might 
then be composed of three equal resistance coils, which could be more accurately 
combined and tested than the more complicated combinations that we were obliged to 
use. In such a case the limit of accuracy could probably depend upon the difficulty 
of adjusting the coils under comparison and the suspended magnet to their proper 
places. It is scarcely necessary to say that care must be exercised in the disposition 
of the leading wires, and that the direct action of the current in the principal coils 
upon the needle of the bx'idge galvanometer must be tested, and, if necessary, allowed 
for. 


* For the methods used to find the values of the [24], (to., reference must he made to former papers. 
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We have now to deduce the ratio of mean radii. For the ebonite coil the correcting 
factor is 

/,'2 7/3 

1 +1 r 3 - = 1 + '00074 1 - -002269. 

(t (X M 


For the dynamometer coil 


Thus 


1 + '000225- -000457. 


A 


2-60070X1 -001290 = 2-42 113 ; 


and from this when A is known the value of a can bo deduced (§ 13). 


Calculation of attraction. 


§ 15. The attraction between two coaxal circular currents of strength unity, of 
which the radii are A, a, and distance of planes is B, is (Maxwell, § 701) 


7 r I > sin 7 
\/ (Aw) 


{ 2 F y — ( 1 + sec 2 y)E y | 


( 1 ). 


where F y and E y denote the complete elliptic integrals of the first and second kind 
whose modulus is sin y. The value of sin y itself is 


.- _ 2 f (Aa) 


( 2 ). 


The functions F y and E y were tabulated by Legendre. In an Appendix (p. 455) will 
be found a table of 

sin y {2F y — (1+ sec 2 y)E y } (3), 


calculated with seven figure logarithms from those of Legendre for the purpose of the 
present and similar investigations. It has been carefully checked, and it is hoped is 
free from error, except of course in the last place. 

The value of (l), with omission of the factor ir, is denoted by /"(A, a, B), and, as has 
already been explained, it is a function of no dimensions. To calculate it for tbe 
central windings of the fixed and suspended coils, we have first to find y from (2). 
With the data already given y=58° 57*$$ whence with use of the table 

/(A, a, B)= 1-044576. 

This multiplied by ir, by the product of the numbers of terms in the two coils, and by 
the square of the strength of the current, gives very nearly the force of attraction, but 
MDCCCLXXX1V. 2 J 
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a correction is required for the finite dimensions of the sections. The quadruple 
integration over the two areas may be effected by suitably combining various values 
of f corresponding to the central turn of one section and to the middle of one of the 
linear boundaries of the other. (See Maxwell’s ‘Electricity,’ 2nd edition, § 706, 
Appendix II.) We find 


/(A+A, a, B) = -992719 1 
/(A— A, a, B) =1-098740] 


sum 2"091459 


/(A, a+h', B) = 1-1 58576 
/(A, or— A', B) = -937866 


sum 2 "0964 42 


/(A, a, B+A) =1-024612- 
/( A, a, B — A) =1-059520. 


sum 2-084138 


/(A, a, B+A') = 1*026306 1 
/(A, a, B—A')= 1-058569 J 


sum 2-084875 


The sum of the eight values is 8 3569 14. From this we subtract 2 X /(A, a, B), viz., 
2"089152, and divide by 6; whence for the mean value of f applicable to the sections 
as a whole 

/= 1-044627, 

differing, as it turns out, extremely little from f( A, a, B). 

From the values given we see that f increases very sensibly as B diminishes, so 
that, as was expected, the distance between the fixed and the suspended coil, or 
between the two fixed coils, is too great to realise fully the advantageous condition 
of things described as the ideal, in which f would be approximately independent of 
variations in B. 

To express the actual variations of f as a function of A, a, B, we write 



dA , da . dl\ 


and we obtain sufficiently accurate values of A, /u,, v from those of f already given. 
Thus 


/( A +;*,«, B)— /(A— h, a, B) . 2h 


/(A, a, B) 


A 


= -1-95. 


In like manner /a=-}-2"23, v— — -28 ; so that 



dA 


+ 2-23 



a 


d B 
B * 



ELECTRO-CHEMICAL EQUIVALENT OF SILVER. 


427 


In the present investigation, however, a is not measured directly, but by comparison 
with A. If we write a/A=a, so that 


da da d A 
« ~a A ’ 


and eliminate da/a, we have 


if 

f 


— 2'23 -f-’28 



,/B 

})’ 


wliich is the equation by which the suitability of the proportions is to be judged. It 
will be seen that the stress is thrown upon the measurement of a, and that the errors 
of A and B enter to the extent of only about one quarter. If the proportions had 
been those described as ideal, the coefficients of dA/A and d B/B would have been zero. 

It must not be forgotten that the error of f itself is halved in the final result, 
which thus involves the errors of A and B only after division by 8. 

If the current be i, and the number of turns in the fixed and suspended coils it, u', 
the attraction or repulsion is measured by 

mui'rf. 

This is expressed in absolute units. To find the value in gravitation units wo must 
divide by g. If m be the observed difference of weights in air necessary to counter- 
poise the suspended coil when the current is reversed in the fixed coils. 


Trnn'&f—\ mgX’ 9998G, 

the last factor representing the “correction to vacuum” rendered necessary by the 
finite density of the brass weights. 

The value of g at Cambridge is taken to be 081 '2282. Introducing this and the 
numerical values of n, ri, f already given, we find 


when 


i=H-\ /in, 
/a= ’0370484. 


The silver voltameters. 

§ 16. The arrangement adopted for the voltameters is similar to that recommended 
originally by Poggendorff. The deposits are formed "upon metallic basins (usually of 
platinum) charged with a neutral 15 per cent, solution of pure silver nitrate. They 
are prepared by careful cleaning with nitric acid and distilled water with subsequent 
ignition. After complete cooling in a desiccator, they are weighed to yjj milligrm. 
in a delicate balance with trustworthy weights. The anode, by which the current 
enters the voltameter, is formed of fine silver sheet, suspended by platinum wire in 

2 l 2 
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a horizontal position near the top of the solution. In order to protect the kathode 
from disintegrated silver, which in our experience is invariably formed upon the anode, 
the latter is wrapped round with pure filter paper, secured at the back with a little 
sealing-wax. This arrangement appears to us for several reasons preferable to the 
vertical suspension of the electrodes in the form of flat plates. In the latter arrange- 
ment the deposited metal usually aggregates itself upon the edges and corners of the 
kathode with a tendency to looseness. Again the solution rapidly loses its uniformity. 
At the kathode the solution becomes impoverished and at the anode it becomes 
concentrated. With vertical plates the strong solution soon collects itself at the 
bottom, and the weak solution at the top, so as to give rise to considerable variation 
of density. It is true that the horizontal position of the electrodes necessitates the 
use of a porous wrapping, which would increase the difficulty of determining the loss 
of weight at the anode. M. Mascart appears to have succeeded in determining this loss, 
but the disintegration which we have always met with rendered the attempt on our 
parts hopeless. It is possible that something may depend upon the mechanical con- 
dition of the metal, but as to this we cannot speak with confidence. The blackish 
powder left upon the anode has at first the appearance of being due to chemical 
impurity, but it occurs with anodes of the highest quality of silver, and is completely 
soluble in nitric acid. 

In our earlier trials, dating from October, 1882, we were much impressed with the 
importance of obtaining sufficient coherence in the deposit to guard against risk of 
loss in the washing and subsequent manipulations. The addition of a very small 
proportion of acetate of silver was found to be in this respect a great improvement, 
affording a deposit less crystalline in appearance and of much closer texture ; and in 
consequence nearly all our experiments during the first year were conducted with 
solutions containing sensible quantities of acetate. In order to detect whether 
anything depended upon the “ density ” of the current, two platinum basins of 
different sizes were employed, the area of deposit being in about the proportion 
of 2 : 1, but no distinct systematic difference was observed. When the deposits were 
completed the basins were rinsed several times with distilled water, and then allowed 
to soak over night. The next day after more rinsings they were dried in a hot air 
closet at about 160° 0, and after standing over another night in a desiccator were 
carefully weighed. Repetition of these weighings after intervals of standing in the 
desiccators showed that they were correct to milligrm., so that as the total weights 
of deposit amounted to 2 or 3 grms., a high degree of accuracy in the final evaluation 
of the ratio of deposit to current was expected. Discrepancies, however, presented 
themselves of an amount much greater than we had been prepared for, and they 
were of such a character as to show that the disturbing causes were to be sought in 
the behaviour of the voltameters and not in the current weighing apparatus. Thus it 
was found that the numbers obtained on the same occasion from the two voltameters 
in series, through which exactly the same quantity of electricity had passed, were 
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liable to as great a disagreement as the numbers derived from experiments on 
different days. 

§ 17. At this stage the question presented itself as to whether the deposits were 
really pure silver. Two or three gravimetric analyses by conversion into chloride, 
conducted both by ourselves and by Mr. Scott, to whose advice and assistance we 
have been constantly indebted throughout these investigations, having favoured the 
idea that the deposits were not quite pure, we arranged for a systematic volumetric 
analysis of all the deposits. The bulk of the metal after solution in pure nitric acid 
having been thrown down with a known quantity of chloride of sodium in strong 
solution, the titration was comjfleted with weak (toW) sa ^ solution from a burette in 
the usual manner. The bottle containing the solution was enclosed in a dark box 
and lighted in the manner recommended by Stas, with a convergent beam of yellow 
light which had passed through a flask containing chromate of potash. Towards the 
close of the operation the effect of the addition of two drops of solution (containing -fa 
milligrm. of salt) becomes difficult of observation unless the liquid be very thoroughly 
cleared. At this stage we found it convenient to filter off about half the liquid into 
another bottle, through a funnel plugged with (purified) cotton wool. As soon as the 
pores are penetrated by tbo chloride of silver the filtration is effective, and yet so 
rapid that but little time is lost by the adoption of this procedure. The two drops 
of chloride solution are added to the liquid thus filtered, and shaken up so as to effect 
a complete mixture, and the bottle is then placed so that the cone of light traverses 
the body of the liquid. After an interval varying from a few seconds to several 
minutes the cloudiness develops itself, and the delay gives an indication of how nearly 
the point is approached. Before each test the filtrate is of course returned to the 
stock bottle and thoroughly shaken up. The operation is complete when the last 
addition of two drops gives no effect after a quarter of an hour. There is no diffi- 
culty in determining in this way the necessary quantity of salt to nj milligrm., and 
the point may be recovered any number of times after addition of small known 
quantities of silver. 

In the interpretation of the results we placed no trust in the purity of the NaCl, 
nor depended upon any assumption as to the ratio of NaCl to Ag, but made com- 
parison with the numbers obtained from precisely similar detenninations with substi- 
tution for the electro-deposits of equal weights of silver of the highest quality, supplied 
by Messrs. Johnson and Matthey. A large number of such comparisons showed 
that there was no difference that could be depended upon between the two kinds of 
silver; there was, indeed, a slight indication of inferiority in the deposits, to the 
extent of perhaps ^rooo, but not more than might plausibly be attributed to the greater 
risk of loss in dissolving the deposits from off the platinum basins. The standard 
silver was dissolved without transference in the bottle used for the subsequent 
analysis, and thus under more advantageous conditions than were possible in the 
manipulation of the deposits. 
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§ 18. Table I. (p. 437) gives the results of a laborious series of determinations 
made with solutions containing more or less acetate. It will be seen that up to 
August 16 the numbers in the final column are fairly concordant, and they rather 
narrowly escaped being accepted as satisfactory. In the month of November, however, 
the experiments were continued with a fresh stock of depositing solution (probably 
containing less acetate), when a systematic change became apparent in the direction of 
smaller deposits. From the first we had taken, as we thought, full precautions to 
secure adequate washing out of the silver salt, and special experiments had proved 
that the weights were not appreciably changed by further washing with pure water, 
or by resoaking in the depositing solution with a second washing and drying conducted 
like the first. Nevertheless the appearance of the deposits under the microscope was 
such as to suggest a doubt whether a complete elimination of the salt from its pores 
was possible with any amount of washing, and the evidence of the analyses was felt 
not to be decisive, inasmuch as the deficiency to be found in this way would correspond 
to only about one-third of the weight of salt actually present. According to this view 
the diminution in the weight of the deposits after August 16 was due to a more 
complete washing out of the salt, rendei’ed possible by the more open texture of the 
deposits, and we proceeded to test the behaviour of pure nitrate solutions. The result 
was a further small, but distinct, diminution in the weights, as shown in Table II., and 
we were now convinced that the use of acetate had been a great mistake, costing us 
six months’ almost fruitless labour. When the deposits are taken upon the concave 
surface of a bowl they are coherent enough for convenient manipulation without the 
aid of acetate. The danger of retention of salt or other impurity is far greater than 
of loss of metal, and this danger is aggravated by the acetate. Indeed it would be 
scarcely too much to say that the danger is converted into a certainty, for from the 
fine pores of these deposits it seems almost impossible to remove the salt effectually. 

It is evident that, in spite of the retention of a small quantity of salt, a satisfactory 
conclusion might be reached were there any means of estimating its amount. Theo- 
retically the analysis for silver, as many times effected, is adequate to this purpose, 
since the difference of the total weight of the (impure) deposit, and of the metal found 
on analysis, would represent the N0 3 of the salt. But the circumstances are so dis- 
advantageous that no satisfactory result could be looked for without an extraordinary, 
and perhaps impossible, perfection of manipulation. A direct test for nitric acid is not 
applicable ; but at a sufficiently high temperature the silver nitrate would be decom- 
posed, so that the loss of weight incurred on heating to redness (after previous 
thorough drying at, say, 160° C.) would represent the NO s . Unfortunately this method 
is difficult to carry out thoroughly without injury to the platinum basins, inasmuch as 
silver and platinum begin to alloy at a red heat. But an exposure for five minutes to 
a heat just short of redness does not seriously damage the basins, and appears to be 
nearly, if not quite, sufficient to drive off the last traces of N0 3 . With a pure nitrate 
depositing solution, and with the treatment for elimination of the salt presently to be 
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described, there was sometimes no loss on heating (Table II.), but perhaps more often 
the balance indicated a loss of one or two- ten tbs of a milligram. With respect to the 
interpretation of this, it is difficult to say whether or not it ought to be regarded as 
due to traces of salt retained in spite of all the washings. If so, the true weight of 
deposit is smaller still by nearly twice the apparent loss ; but it is very possible that 
there may be traces of grease liable to be burnt off at a red heat, so that the loss in 
question cannot with confidence be attributed to nitrate. On this account the real 
amount of the deposit remains somewhat uncertain to nearly half a milligram. 

With respect to the procedure best adapted to eliminate the salt from the pores of 
the deposit, it is evident that the difficulty is to cause any displacement of the liquid 
in the interior. It was thought that this object might to some extent be attained by 
rapid alternations of temperature, and for this purpose the basins were (after thorough 
rinsing) passed backwards and forwards between cold and boiling distilled water. 
Recourse was had .also to soaking in alcohol, somewhat diluted. Still wet with the 
alcohol, the basins were plunged into boiling water with the idea of promoting dis- 
turbance inside the cavities of the deposit. After a course of treatment of this kind 
the basins were filled and allowed to stand over night so as to give free play to diffusion. 
They were then rinsed a few times, and placed in the air closet to be dried at 160° 0. 

§ 19. In order to meet the difficulty of the alloying of silver and platinum at a 
temperature high enough to decompose with certainty the last traces of silver nitrate, 
we made, at the suggestion of Professor Dewar, several attempts to replace platinum 
by silver bowls. One evident objection to the silver is the impossibility of removing 
the deposit with nitric acid, so as to restore the original condition of the bowl. But a 
more serious difficulty arises from the want of constancy in the weight of a silver 
bowl (without deposit) when strongly heated. On more than one decision a gain of a 
milligram or two was observed after heating in a porcelain basin over an alcohol flame. 
We have reason to believe that this effect depends upon the presence of traces of 
copper. In order to test the question we carefully cleaned and dried at 160° a piece 
of the highest quality of silver, such as was used latterly for the anodes. The weight 
was now 28 ’16 28, and after heating to redness for a quarter of an hour over a naked 
alcohol flame fell to 28TG19. On another occasion a loss of 2 milligrms. was observed 
under similar circumstances. On the other hand, a parallel experiment with a less 
pure sample of silver, known to contain a small quantity of copper, gave after the 
first heating to redness a gain of 3 milligrms., followed by a further gain of 
2 milligrms. after a second heating. 

These changes are, however, insignificant compared to that observed by Mr. Scott, 
who heated one of our large silver basins in a porcelain bowl for a long time over a 
Bunsen gas flame. After two nights treatment the weight had risen from 57'3008 
to 5 7 ‘452 1 . Mr. Scott traced the increase in his case to the formation of silver 
sulphate, but it does not appear possible that this can be the explanation of the 
changes observed by us. The matter appears worthy of the further attention of 
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chemists ; but for our purposes the conclusion is that, for the present at any rate, 
platinum is preferable to silver. With suitable precautions, the platinum basins may 
be heated to redness without changing more than milligrm. 

§ 20. In some of our later experiments ( e.g ., those on January 30, April 2) we 
included a voltameter, charged with a higher proportion of acetate, in order to 
exaggerate the errors that we had met with, in the hope of better detecting their 
origin. When the nitrate solution is nearly saturated with acetate, the deposit is 
of a beautiful snow-white appearance, and almost always 5 or 7 milligrms. too heavy. 
On the second weighing, after heating to the verge of redness, a loss revealed itself, 
whose amount usually agreed fairly well with the view that the original excess of 
weight was due to nitrate, reduced to metal by the second heating. 

§ 21. In the hope of obtaining better evidence as to the cause of the anomalous 
weights, and also with the view of confirming our results by the substitution for 
nitrate of some other salt of silver, we have made several observations on deposits 
from chlorate of silver. The salt was prepared for us by Mr. Scott from chlorate of 
barium, and was found to give as good deposits as the nitrate. The chlorate was 
used in a nearly saturated 10 per cent, solution, and also in a 5 per cent, solution. 
Voltameters charged with nitrate were included in the same circuit, so that the 
comparison was made under the most favourable condition. The results (Table II.) 
show an exceedingly good agreement, and constitute perhaps the most accurate 
verification which Faraday’s law of electrolysis has as yet received. 

But the second object which we had in view in using the chlorate has not been 
attained. The idea was to get a too heavy deposit by addition of acetate, and then 
after washing and weighing as usual, to dissolve up the metal with nitric acid and test 
for chlorine. If chlorate were present, and were the cause of the excessive weight, 
it should on strong heating be resolved into chloride, whose presence might be 
detected. Preliminary experiments showed that as little as -fa milligrm. of silver 
chloride could be rendered evident. The deposits were dissolved in nitric acid, and 
strongly supersaturated with pure ammonia. After standing for some time with 
frequent stirring, the solution was diluted, and again rendered acid with nitric acid. 
The deposits from chlorate, which we had reason to regard as pure, stood the test 
almost perfectly, the amount of chloride of silver present being less than milligrm. 
If one drop of the dilute NaCl (-^ milligrm.) were added to the solution in its alkaline 
condition, the cloud formed on acidification was perfectly evident after a minute or 
two when examined in Stas’ box. When a piece of fused silver chloride weighing 
3 milligrms. was added to the alkaline solution, it dissolved after about half an hour, 
and gave a dense milkiness on addition of nitric acid. 

The application of this method to deposits from chlorate and acetate, which the 

* The tendency to crystallise upon the anode is an objection to the use of the strong solutions, and 
probably makes itself the more felt in consequence of the paper wrapping, which impedes the free 
circulation of the liquid* 
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balance showed to be several milligrams too heavy, has given the unlooked for 
result that no corresponding quantity of chloride was present. Something more 
than a mere trace was indeed detected, but of amount probably not exceeding 
^ milligrm. The deposit from chlorate and acetate of April 2, and another which 
does not appear in the table as the current weighings were not taken successfully, 
in which the excess was about 7 milligrms. were both treated in this way with similar 
results. The loss of weight on strong heating appears to exclude the supposition 
that though chlorate was present it escaped decomposition, and thus we seem almost 
driven to the conclusion that the redundant matter is principally acetate, although 
the proportion of acetate to chlorate in the solution is a small one. 

§ 22. We have had occasion to examine another point relating to the chemistry of 
electrolysis, of which the result may here be recorded. In our earlier experiments we 
used anodes containing an appreciable quantity of copper. The copper evidently 
tended to accumulate in the solution, becoming after a time apparent by its colour 
even when neutral; on addition of ammonia a distinct blue was struck. We were 
desirous of ascertaining whether under these circumstances there is danger of the 
deposits becoming contaminated. A distinctly blue solution was prepared, in which 
the proportion of copper to silver was considerable, and a deposit made. The texture 
was very much modified by the action of the copper, and the appearance was such 
that it was difficult to believe that the weight could be more than a small fraction of 
that of the simultaneous deposit from a pure silver solution. Some of the metal, 
which adhered very loosely, was lost in the washing, but the weights agreed to within 
a few milligrams. On dissolution in nitric acid and supersaturation with ammonia the 
solution showed no trace of colour, although about to.ooo of copper can thus be 
detected. 

§ 23. In the absolute measurements the determination of the interval (never less 
than three-quarters of an hour) between the first passage of the current through the 
voltameters and its final cessation could readily be effected with sufficient accuracy 
(probably to ToioUo)* but a slight correction is called for in order to take account of 
the loss of time incurred at each operation of the reversing key, which controlled the 
direction of the current in the fixed coils (§ 8). To obtain the necessary data for this 
correction the main current was led through a few turns of wire surrounding a reflect- 
ing galvanometer. The resulting deflection is independent of the position of the key, 
but at the moment of reversal the ourrent is interrupted, and the spot of light falls 
back towards zero. From a comparison of the amount of this falling back with that 
of the steady deflection, in conjunction with observations of the period of vibration, 
it is easy to deduce the time of interruption. It proved to be less than tV second, 
and was so nearly constant that after sufficient experience had been gained further 
observations were judged to be unnecessary. The connexions for this purpose are 
accordingly not shown in the diagram (Plate 17, fig. 1). 

§ 24. In order more fully to explain the procedure in taking a deposit it will be advisable 
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to give the details of one experiment. Thus on March 10, 1884, the current, roughly 
regulated to the desired value with the aid of the tangent galvanometer, was allowed 
to pass through the coils of the current-weighing apparatus for about half an hour. 
The electromotivo force of the storage cells (when in good order) remains almost 
perfectly constant during an experiment, but .the gradual warming of the copper con- 
ductors causes a slight falling oft* of current. On the present occasion the preparatory 
current was a little stronger than that ultimately used, so as to produce a slight over- 
heating. During this time the three platinum voltameters, previously cleaned and 
weighed, were charged with solution of silver nitrate ; and the pure silver anodes, 
wrapped in filter paper, were adjusted to their places at the top of the liquid. As 
will be seen from Table II., two of the bowls were charged with solution of normal 
strength (15 per cent.), and the other with solution of double this strength. When 
all was ready, the current, previously running along a shunt, was caused to pass 
through the voltameters at 4 h 17 m by the chronometer. The weights required to 
bring the pointer of the current-weighing balance to zero, with the corresponding 
times, are given in Table III. In the second column the first number means that at 

Table III. 



Time. 


Weight. 

J Time. 

| 

j Weight. 

h. 

m. 



h. 

m. 

8. 


4 

19 

so 

7*694 I 

4 

2 r> 

0 

6-795 

4 

32 

IS 

7-608 

4 

40 

20 

6-791 

4 

42 

50 

7*699 I 

4 

50 

30 

6-790 

4 

53 

10 

7-699 j, 

4 

50 

30 

6*789 




i' 

!, 

5 

1 

15 

6-789 


the moment in question the weight required to balance the suspended coil, as acted 
upon electromagnetically, was 7*G94 grrns., or rather 577 ‘G94 grins., but tho 570 grms. 
being never moved need not be recorded. In this position of the reversing key the 
electromagnetic force increased the apparent weight of the suspended coil. The other 
set of readings, in which the magnetic force tended to lift the coil, are given in the 
fourth column. At 5 h 2 m the circuit was interrupted. 

From the numbers above given two curves are constructed (Plate 1 7, fig. 4), representing 
what would have been observed in either position of the key during the whole course 
of the experiment. To effect the integration of the current, the whole time, 45 m , is 
divided into nine periods of 5 m each, and the magnitude of the current at the middle of 
each period is taken to represent its value throughout the period. A more elaborate 
evaluation could easily have been applied, but was superfluous. The difference of 
ordinates at the middles of the periods gives the difference of weights in the second 
column of Table IV., and the mean of the square roots of these differences, viz. *95171, 
is the square root of the difference of weights corresponding to the mean current. 
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Difference 

Square root 


Time. 


of 

of 




weight. 

Differenco. 

h. 

m. 

.. 



4 

19 

30 

•897 

•9471 

4 

24 

30 

*900 

*9487 

4 

29 

30 

*904 

•9508 

4 

34 

30 

*906 

•9518 

4 

39 

30 

*908 

*9529 

4 

44 

30 

*908 

•9529 

4 

49 

30 

•909 

•9534 

4 

54 

30 

•910 

•9539 

4 

59 

30 

•910 

•9539 


Moan 


•95171 


The whole time of deposit was 2700 seconds, but from this a deduction lias to be made 
for the time lost in operating the reversing key. The loss of time at each operation 
was found (by a process already described) to be '083 second. Tlius the actual time of 
passage of the current through the voltameters is to be taken at 

2700 — 7 X , 083 = 2699'4 seconds. 

After the deposits had been formed they were washed in the manner already 
described with alcohol and hot and cold water, soaked over night, then rinsed and set 
to dry at 1G0° C. In the first row of Table V. will be found the weights of the bowls 
without deposits ; in the second the weights after the deposits had been dried at 
160° C. ; in the third the differences representing the weights of the deposits; in the 
fourth the weights of the bowls after heating for about five minutes nearly to redness 
over an alcohol flame ; and in the fifth the weights of the deposits as determined 
from the previous row. 


Table V. — Deposits of March 10 , 1884. 



Large bowl I. 

Small bowl 11. 

Small bowl III. 


Pure nitrate. 

Pure nitrate. 

Pure nitrate. 


Normal strength. 

Double strength. 

Normal strength. 

Before deposit 

80-4490 

17-2985 

21*8789 

After deposit, first weighing 

81-5138 

1 8-3628 

22-9434 

Gain 

1-0648 

10643 

1-0645 

After strong heating . 

815135 

18-3627 

22-9433 

Gain 

1*0645 

10642 

1*0644 


Mean 1*0644 grms. 


To obtain numbers which, though of no absolute significance, allow of the com- 
parison of experiments made on different occasions, we may divide '95171 (the square 
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root of the difference of the current weighings) by the amount of silver deposited per 
second. Thus for March 10 we have 


•95171 -S- 


1-0644 

2090-4 


= 2413-7 


The magnitude of the current was about '4 ampfere, and the areas of deposit about 
37 sq. centims. for the small bowls, and about 75 sq. centime, for the large bowl. 

The whole resistance of the current-weighing apparatus and of the voltameters is 
about 42 ohms, so that sufficient current can be obtained from 10 small Grove cells, or 
from a rather less number of cells of a secondary battery. 

§ 25. The tables in which are embodied the results of these protracted experiments 
will not now require much explanation. Those of Table I. are certainly erroneous on 
account of the presence of acetate (§ 18), and no weight is given to them in calculating 
a final result. For the same reason those deposits in Table II. which were prepared 
from solutions to which acetate had been added for the purpose of investigating the 
nature of the disturbance thereby produced, are of course excluded. The weights 
adopted for the silver deposits are those found after strong heating (nearly to redness) 
for about five minutes, no distinction being mado between the deposits from chlorate 
and from nitrate of silver. The final mean 241 4'45 expresses the square root of the 
difference of current weighings in grams divided by the rate of silver deposit in grams 
per second. 

If we consider separately the deposits from chlorate of silver (without addition of 
acetate), we get as the mean number corresponding to the above 2414-3, in almost 
perfect agreement. 

The deposits made on March 25 were .twice strongly heated with intermediate 
weighing. Similar tests have been applied in other cases not recorded in the tables. 

It should be stated that every determination since November, 1883, in which the 
manipulations were successfully conducted, is included in the table, and that nothing 
is excluded except in consequence of a decision made before the result was known. 
In one or two cases the current was too irregular to give good weighings of the 
suspended coil, and then the observations were not reduced with the view of obtaining 
absolute results, although the comparison of the silver deposits in different bowls 
might still be of interest. This happened on an occasion already alluded to when 
acetate and chlorate of silver were used in combination. 

The results of Table II. agree together about as well as could be expected, the 
extreme difference from the mean being q - s oo - It must be remembered that apart 
from the difficulties of manipulating the silver deposits errors may arise in the 
determination of the current, whose mean value has to be deduced from observations 
relating to only a part of the whole time involved. A small fluctuation in the strength 
of the current, lasting for a short time only, may thus escape detection. There is also 
an error involved in the determination of the time of electrolysis, which may altogether 
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amount to nearly half a second on a total in some cases as low as 2700 seconds. 
When so many experiments are made we must expect the cases to arise in which the 
small errors, due to various causes, are accumulated in the result. 

§26. We may now calculate the results of our experiments in absolute measure. 
In the notation of § 15 we have, as the relation between the current i and the differ- 
ence of weighings observed in air m, 


where 


m, 

0 

"037048. 


If io be the electro-chemical equivalent of silver in C.G.S. measure, viz., the 
quantity of silver in grams deposited per second by the unit C.G.S. current, then 
the rate of deposit by current i is w.i, or w.fi.y/m. Now, by the table this rate of 
deposit is v / w./2414 - 45 ; so that 

W== 2414-45 x -037 048 = *0111 794. 


In terms of practical units we have as the quantity of silver in grains deposited per 
ampere per hour 

I-11794X 10~ 3 X 3600 = 4*02 46. 


The number found by Kohlrauscii in his recent experiments is 

i(?=-0H183, 

while that found by Mascart * is 

'«)=-01124. 

The agreement between Kohlratjsch and ourselves is perhaps as good as could be 
expected, and would be diminished almost to nothing were we to take in our experi- 
ments the weights as found after drying at 160° C., viz., before the strong heating. 
The account hitherto published by Kohlrausch is only an abstract, and does not 
explain how the deposits were treated.! 

§ 27. Considering that the silver voltameter may now be used satisfactorily for 
the standardising of current-measuring instruments, we have made some experiments 
in order to ascertain the limits within which the method is applicable. With regard 
to the strength of the nitrate solution there is considerable latitude when the currents 
are weak, e.g., not exceeding | ampisre. In such cases a 4 per cent, solution may 
be used satisfactorily in our voltameters. However, for practical purposes at the 
presen t)*time the object will usually be to measure stronger currents, and then it is 
advisable to keep the solution up to 15 or 30 per cent. If the solution is too weak in 
relation -to the density of curuent, the deposit has a tendency to looseness, and is 


* ‘Journal cle Physique/ March, 1882. f See Notes. 
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liable to grow tip in an irregular manner, so as to meet the anode. In a 3-inch 
platinum bowl such a solution will allow of a current of about 1 ampbre for a period of 
an hour. The strongest eurrent which we have been able to use with a single volta- 
meter is about 2 amperes, and for this purpose we employed a solution containing 
one part of salt to two parts of water. It is probable that the deposit would have 
deteriorated if the current had been .allowed to flow for much longer than a quarter of 
an hour, but in that time an ample amount (about 2 grins.) is obtained. The practical 
conclusion is that currents not exceeding ampore may be conveniently measured in 
a .‘3-inch voltameter by using a strong solution, and by stopping the operation after 
about a quarter of an hour. A shorter time than this would hardly allow of 
sufficiently precise measurement when a high degree of accuracy is aimed at. For 
purposes where an error of g per cent, is admissible, a duration of five minutes (300 
seconds) would be sufficient, and under these circumstances a stronger current would 
be unobjectionable. 

It will be seen that the application of this method to the measurement of such 
currents as are usually passed through incandescent lamps presents no difficulty, and 
we hope that it may be generally adopted as a control upon the indications of 
instruments depending for their trustworthiness upon the constancy of springs or of 
steel magnets. The anodes should be composed of fine silver sheet (about £ inch 
thick), such as is sold for five shillings per ounce, and should not approach the sides of 
the bowl too closely. As there need be no waste of metal, the expense of silver as 
compared with copper should not be allowed to stand in the way of its use. For 
practical purposes it will be unnecessary to take some of the precautions which we 
thought incumbent upon us. After rinsing a few times with distilled water the 
deposit may be left to soak for an hour or so, and then after another rinsing dried over 
a spirit lamp. After the lapse of another hour it may be weighed, with a risk of error 
not exceeding a few tenths of a milligram. 

When still stronger currents have to be dealt with, the silver voltameter is less 
convenient. Platinum bowls of large size are not usually met with, but two or three 
may be combined in parallel without much trouble. In one of our experiments the 
same current was passed successively through a single voltameter, and through two 
arranged in parallel. The deposit in the single bowl, thrown down in 13 minutes, 
was 2 2327 grins. Those in the other bowls were 1 *0 1 1 4 and 1*2215, altogether 
2*2329, agreeing almost precisely. In this way with three bowls, such as we have 
used, in parallel, there would be no difficulty in measuring currents up to 5 ampbres. 

§ 28. The second branch of our subject is the evaluation of the electromotive force 
of standard galvanic cells. Enough has been said as to the means emptied for 
measuring electric currents in absolute measure. If a current, after passing the 
current weighing apparatus, is made to traverse a known resistance, it will generate at 
the extremities of that resistance a known electromotive force. By suitably accoin- 
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modating to one another the magnitude of the resistance and the strength of the 
current, the electromotive force may be made to balance that of a standard cell, whose 
force is thus determined. The difficulty of the matter relates principally to the 
preparation and definition of the standard cells, and in order to test the constancy of 
the cells it is desirable to extend both the absolute determinations and the comparisons 
of various cells over a considerable range of time. 

Before describing further the arrangements adopted for the absolute measurements, 
it will be convenient to consider the comparisons of E.M.F., which were always made 
by the method of compensation, in order to diminish as far as possible the currents 
actually passed through the cells under examination. The main circuit consisted of 
two Leclanch^ cells M, and two resistance boxes N, O (joined by a short stout wire) 
of 10,000 ohms each (Plate 17, fig. 1). Of this resistance a variable and adjustable 
proportion was included between the points of derivation, and (by use of the second 
box) the total was in all cases made up to 10,000. Thus, in compensating a single 
Clark cell the resistance from the first box might be 4900, and from the second 
5100. By this means the constancy of the main current is secured. The derived 
branch includes the cell or cells to be tested (P), a mercury reversing key (Q), and a 
galvanometer (T), with which is associated a resistance (S) of 10,000 ohms. The 
galvanometer itself was of the Thomson pattern, and had a resistance of about 200 
ohms. By the substitution of an instrument with a longer wire and of resistance up 
to 10,000, a greater degree of sensitiveness might have been obtained, but with careful 
reading of the galvanometer scale the arrangements were sufficient for the purpose, 
and would iudicate the E.M.F. to about TojWo- In the preliminary trials a simple 
contact key with platinum studs was used in the galvanometer branch with the idea 
that shorter contacts would thus suffice. But, probably from thermoelectric disturbance, 
the readings thus obtained were not so consistent as with the mercury reversing key, 
and the smallness of the currents actually allowed to pass rendered the longer contacts 
unobjectionable. From the data already given it will be seen that a current of 10 -8 
amphres was sensible, and no disturbance could be expected from currents 100 times, or 
more, greater than this. In order to teat whether the connexions were rightly made, 
the first observation was usually taken with a still higher resistance in the galvanometer 
branch, which could easily be effected by causing the current to pass through the body 
of one of the observers from hand to hand. If by accident too large a current was 
allowed to pass through a cell, no further use was made of that cell until the next 
day.* It must be mentioned that great care was taken, and was necessary, in respect 
of the insulation of the various parts. For instance, no correct results were obtainable 
when the Leclanch^’s stood upon the (tiled) floor, if at the same time other parts of 
the combination were touched with the hand, A sheet of paraffined paper interposed 
proved a remedy. In this matter we have had several disagreeable lessons, and we 

* Experiments detailed later (§ 31) show that the precautions observed in this respect were more 
stringent than was really necessary. 
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cannot too strongly emphasise our advice to take too many rather than too few 
precautions. 

When two cells under comparison differ by a considerable fraction, they may be 
compared separately with the Leclanciie’s, or rather expressed in terms of the current 
afforded by the Leclanch£’s through 10,000 ohms. Thus, on Dec. 3, 1883, in order to 
balance Clark No. 1 (see below) 4926 were required between the points of derivation. 
When a standard Daniell of IIaoult’s pattern was substituted for the Clark, the 
number required was 3798. In terms of No. 1 Clark the E.M.F. of the Daniell 
is thus 3798/4926, or ’7710. At the end of a series of comparisons it is proper to 
repeat the observation of the first standard cell, in order to check the constancy of 
the current supplied by the LeclanchiS’s. In our experience there was usually no 
appreciable variation. 

When the cells to be compared are nearly alike, it is better in the second observation 
to express the difference of forces by setting the second cell to act against the first. 
Thus, the force of Clark No. 1 being expressed as before by 4926, the corresponding 
resistance for tho excess of the force of Clark 1 over Clark 3 was 2 ohms. Hence, 
in terms of Clark 1 the force of Clark 3 is ‘9996, and the result is less liable to 
error than if the comparisons of each with the Leclanche’s were effected separately. 

§ 29. Of the first batch of Clark's which were compared together from November, 

1883, onwards, No. 1 was set up near the beginning, and Nos. 2, 3, 4, 5, towards the 
end of October. They were prepared generally according to the directions given by 
Dr. Alder Wright,* to whom we have been indebted for advice and for samples of 
some of the materials. The saturated solution of zinc sulphate was nearly neutral. 
The metallic zinc was bought as pure from Messrs. Hopkin and Williams. The 
mercurous sulphate was from the same source, and the metallic mercury was 
redistilled in the laboratory. We did not consider it desirable to take precautions 
against the presence of air, thinking that it was sure to find an entrance sooner or 
later. 

Four now cells, Nos. 6, 7, 8, 9, were set up from the same materials on January 10, 

1884. It will be seen from the table that when a fortnight old they differed but 
little from the first batch. 

In preparing these cells the most troublesome part of the process was found to be 
the casting of the zincs. The metal, melted in a porcelain crucible, was sucked up 
into a previously heated tube of hard glass, but the operation required some address, 
and there was considerable waste of zinc from oxidation and otherwise. It occurred 
to us to try whether equally, or perhaps still more, satisfactory results might not be 
obtained by substitution for the solid metal of an amalgam of zinc. For this purpose 
a form of cell, called for brevity the H-cell, was contrived, and is shown full size 
(Plate 17, fig. 5). One of the legs is charged with the amalgam of zinc (B), the other 
with pure mercury (C), covered with a layer of mercurous sulphate (D). The whole is then 

* Phil. Mag., July, 1883. 
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filled up above the level of the cross tube with saturated zinc sulphate (E), and a few 
crystals are added. Evaporation is prevented by corks (F), closing the upper ends of the 
tubes. Electrical contact with the amalgam and with the pure mercury is made by 
platinum wires (A), sealed into the glass. 

A preliminary experiment in which both legs of a cell were charged with amalgam 
(the mercurous sulphate being dispensed with) having shown that the E.M.F. was inde 
pendent of the excess of undissolved zinc, two cells, Hj, H 2 , were set up on February 12, 
1884, and submitted to various tests, such as stirring up the amalgam with a glass rod. 
The amalgam was prepared from pure mercury and the same zinc as before. Sub- 
sequently, on March G, six more cells were charged with a somewhat different 
treatment. The sulphate of zinc was from another sample and contained appreciable 
quantities of iron. Moreover, the amalgam was differently prepared. The mercury 
and zinc were shaken up together in a bottle with a little acid, after which the acid 
was washed out by shaking with several changes of water, until litmus paper was no 
longer reddened. Into each cell, in addition to the fluid amalgam, there was dropped 
a piece of solid zinc from the bottle. The same mercurous sulphate as before was 
employed, but the washing with distilled water was dispensed with. Tho three 
remaining cells of this pattern H 0 , H 10 , H u , were charged on March 12, 1884, with a 
third sample of zinc sulphate. 

The agreement among themselves and the constancy of the H-cells has been all 
that could be wished ; but some modification in preparation will be desirable, for it 
has been found that the amalgam tends to harden into compact lumps, the expansion 
of which is liable to burst the cells. From this cause II 3 , H 4 , H 7 , succumbed at a 
comparatively early stage. It is probable that the addition of solid zinc to the fluid 
amalgam had better be omitted, but on this and other points we hope to make 
further investigation. The II pattern lends itself conveniently to experiment, as it is 
possible by withdrawing the corks to make any desired addition to the contents. On 
more than one occasion the contents of each leg have been vigorously stirred, without 
the slightest change in the E.M.F. 

Since the first draft of this memoir was written two new batches of cells of the 
ordinary pattern have been prepared with different materials. In this case the zincs 
were used as supplied, without re-casting,"* and the mercurous sulphate, though 
distinctly acid, was not washed. The first batch (10, 11, 12, 13) were set up on 
May 7, and the second batch (14, 15, 1G, 17, 18, 19) on May 26. 


* The surface of the metal was brightened with file and sand paper. 


3 L 2 
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§ 30. Tables VI., VII., VIII. show the results of most of the comparisons, the 
value of every cell on each day being expressed in terms of Clark. No. 1 . It will be 
seen that there are durable differences between cells of the same batch, but that these 
do not much exceed toW* There are also changes of small amount in the force of a 
given cell, part of which is perhaps attributable to a difference of temperature co- 
efficient. Moreover the actual temperatures may possibly have differed a few tenths 
of a degree in the case of various cells, many of which stood some feet apart. Clark 
No. 3 does not appear in Table VII., since on January 25 it was found to be short 
circuited. During the later comparisons, Nos. 6 and 7 were unavailable, having been 
diverted to another use. 

The two last batches took a longer time than usual (about three weeks) to reach 
their normal values. It will be seen from Table VIII. that when first set up these 
cells were too strong by as much as 1 or 2 per cent. It was thought that the 
process of settling down might be quickened by closing the circuit occasionally for 
some minutes, through a resistance of 1000 ohms, and the asterisk in the table 
indicates that on the day previous to the comparison the cell in question had been so 
treated for about ten minutes. When once the settling down is completed, further 
short circuiting appear to be without effect. 


Table IX. 


| Time. 

! llesi&tance between Poles. 

B. M. F. 

h. 

m. 



8 

35 

00 

4994 

3 

4 7 

00 

4994 

3 

53 

Changed from oo to 10,000 


3 

5G 

10,000 

4851 

8 

41 

10,000 

4853 

4 

59 

Changed from 10,000 to oo 


5 

2 

00 

4990 

5 

15 

CO 

4991 

5 

47 

QO 

4992 

G 

3 

i Changed from oo to 1000 

1 

c 

5 

1 1,000 

3990 j 

6 

ii 

1,000 

3860 ! 

G 

13 

Changed from 1000 to oo 

i 

G 

19 

00 

4990 1 

6 

25 

00 

4991 I 

G 

29 

Changed from oo to 500 

i 

G 

34 

Changed from 500 to oo 


G 

36 

00 

4985 

6 

37 

00 

4988 

6 

52 

_ 

00 

4991 


§31. Some observers having laid great stress upon the importance of guarding 
Clark cells from the passage of sensible currents, we give a specimen of the results of 
some tests to which we have subjected a few of the cells, in order to find out how 
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much care was really necessary in their use to avoid polarisation. The accompanying 
Table IX. shows the variations of E.M.F. of Clark No. 6 on April 28, when very 
rudely treated. The other connexions remaining as usual, the poles of the cell were 
joined through a resistance-box, by means of which the cell could be short circuited 
with any external resistance from 0 to infinity. The numbers entered (such as 4994) 
are proportional to the difference of potential between the poles, being in fact the 
resistance between the points of derivation on the Lkclanch6 circuit. It will be 
seen that in the course of a quarter of an hour the cell recovers, to within a few ten- 
thousandths of its value, from the effects of being short circuited for several minutes 
through such resistances as 1000 ohms. From the electromotive forces during the 
short circuiting it appears that the internal resistance is high, nearly as much as 300 
ohms. 

The manner in which the Clark cells have borne the tests applied to them justifies 
the hope that they may be found generally available as standards of E.M.F. But 
further experience is necessary as to the effect of various modes of preparation, and it 
is to be hoped that this may soon be forthcoming. As used by us, the process is so 
simple that no one need be deterred from setting up cells for himself. 

§ 32. Experiments on Daniell cells gave only a moderately good result. Raoult’s 
form was employed, in which the zinc and copper solutions are placed in separate 
beakers, the connexion being only through a Y-tube charged with zinc sulphate and 
tied over the ends with bladder. One electrode was of pure zinc amalgamated with 
pure mercury, and the other of copper freshly coated electrolytically. The zinc and 
copper solutions were both of sp. gr. 1*1. 

Table X. 


1 

November 30, 
1883. 

December 3, 
1883. 

December 5, 
1883. 

December 11, 
1888. 

December 12, 
1888. 

Clark No. 1. . . 

Daniell .... 

1-0000 

•7702 

1-0000 

■7710 

1-0000 

•7705 

1-0000 

•7698 

1-0000 

•7702 


The Daniell cell has of course to be charged freshly on each occasion, and is thus 
far less convenient in use than the Clark’s, which stand for months always ready for 
use. The temperature of the cells at the time of the comparisons tabulated was about 

i6° c. 

Through the kindness of the inventor, we have had the opportunity of comparing 
some De La Rue cells with the Clark’s. The cells are of a somewhat modified con- 
struction, the atmospheric oxygen being excluded by a layer of paraffine oil. They 
were set up some days before the comparisons, and short-circuited for five minutes in 
order to start the chemical action. 
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We found 


No. 1 Db La Rue = '7510 Clark. 

No. 2 „ = -7512 

No. 3 „ = 7382 

No. 4 „ = 7 458 

Mean „ = 7465 „ 


Mr. De La Rue (Phil. Trans., Vol. 169, Part I.) found a result decidedly smaller, 
the explanation of which is to be sought in the fact that in his experiments the cells 
were making a current of about - 10 l (j0 - ampere, whereas in ours the electromotive force 
is measured when no current passes. 

It may be useful to record also a comparison between our Clark’s and a new form 
of Daniell, introduced by Sir W. Thomson. This cell is charged with zinc sulphate 
of sp. gr. 1*02, and with saturated solution of copper sulphate. The zinc is not 
amalgamated. According to Sir W. Thomson’s directions, the circuit of the cell is 
closed through 250 ohms, and the E.M.F. measured is that between the poles under 
these conditions. After the current had been running for about an hour and a half, 
the E.M.F., which had been increasing, became fairly constant, and its value was then 
743 in terms of Clark No. 1. The comparison was made on April 8, 1884.* 

§ 33. We now pass to the description of the method adopted for the absolute deter- 
minations. The current, after leaving the current-weighing apparatus, is caused to 
traverse a wire of known resistance R, whose stout copper terminals rest on the copper 
bottoms of suitable mercury cups II, K (Plate 17, fig. 1). To these cups are brought 
also the terminals of the derived branch, in which are included the galvanometer and 
the standard cell. 

On account of the strength of the currents (about $ ampere) the resistance required 
to be of special construction in order to avoid too great heating. 

Two ebonite rods were held in a parallel position by a frame of wood, and round these 
uncovered german silver wire was wrapped so as to be exposed to the air as much as 
possible. The rods are about a foot apart, and are grooved, the better to keep the 
wire in its place. The resistance is about 4 B.A., and was determined with the aid of 
a jive and a single . f At 17°’6 its value is 4 ’00699 B.A. 

Even this resistance-wire heats sensibly when the current of -j ampfere is passed 
through it for more than a few seconds. The increment of resistance was determined 
by observations taken immediately after the passage for some minutes of a stronger 
current (about 1 ampere). In this way it was found that for the currents usually 
employed a correcting factor 1 00041 must be introduced to take account of the heat- 
ing, independently of course of the correction necessary for the difference between 
17°’6 and the temperature of the atmosphere at the time of an absolute determination. 

# See notes. 

t For the methods used to ascertain the value of the fiva the reader is referred to former papers, 
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§ 34. In order to obtain tlie balance of electromotive forces two distinct methods 
have been followed. In the earlier determinations there wsus no electromotive force 
in the derived branch except that of the standard cell, and the adjustment was effected 
by variation of a comparatively high auxiliary resistance from a box, placed in multiple 
arc with the [4], The readings were taken by reversal of the galvanometer con- 
nexions at a mercury commutator, and the small outstanding galvanometer displacement 
was allowed for with the aid of observations of the effect of a known change in the 
auxiliary resistance. In this way could be determined the auxiliary resistance, and 
rom it (by addition of conductivities) the effective resistance between the points of 
derivation necessary for a balance with the actual current. The value of the current 
at the moment in question is deduced from the curves representing the two sets of 
current- weighings (§ 24). In the course of half an hour several almost independent 
determinations of the electromotive force could be completed. 

This method is the simplest, and could usually be made to work satisfactorily. It 
is, however, open to the objection that if the current changes rapidly we must either 
allow for a considerable galvanometer displacement or else alter the auxiliary resist- 
ance. But the latter change reacts upon the principal current, and renders the 
current weighing curves discontinuous, thereby increasing the difficulty of specifying 
the value of the current at the moment of observation. 

§ 35. In the second method the resistance between the points of derivation is the 
[4] simply, and compensation is made in the galvanometer branch by the introduction 
of a graduated E.M.F. (Plate 17 fig. 1). The arrangement is in fact almost the same as 
in the comparison of two cells by the method of difference (§ 28), one of the cells being 
replaced by the resistance [4] traversed by the main current. As the apparatus for 
these comparisons was always ready for use, this method was, under the circumstances 
of the case, really more convenient than the other, and was employed in the later 
determinations. The procedure will be best understood from an example. 

On March 29, 1884, determinations of silver and of electromotive force were made 
simultaneously, so that the same set of current weighings might serve for both pur- 
poses. Accordingly the main current traversed the three voltameters, the current 
weighing apparatus and the resistance [4]. In the derived branch (Plate 1 7, fig. 1) 
were the standard cell No. 4 Clark, the galvanometer with its commutator, and 
coils from a resistance box, through which passed the current from the two Leclanchi-: 
cells (§ 28). If the compensation between the Clark and the difference of potentials 
at the terminals of the [4] were incomplete the balance could be restored by the intro- 
duction of a graduated part of the E.M.F. of the LncLANonk’s, the value of which, in 
terms of the Clark, is found by a subsequent experiment, in which the [4] is excluded. 
It will be understood that the LeclanchAs worked in a perfectly constant manner, 
the whole resistance in circuit being always made up to 10.000 ohms (in addition to 
that of the cells themselves). If E be the E.M.F. of the Clark, p the resistance 
(traversed by the current of the Leclanctte’s) which must be used to get a balance 

MDCCCLXXX1V. 3 M 
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when the [4] is excluded, r the resistance actually required during a set of measure- 
ments when [4] is connected, then the electromotive force actually compensating the 
action of [ 4] is E(l— r/p). 

At the beginning of the proceedings on March 29 the main current was stronger 
than that required for the simple compensation of E, so that to get a balance at the 
galvanometer the Leclanche’s would have had to be reversed. At 18 m from the 
commencement the current had fallen to the point of compensation with r=0. 
At 28 m balance required r— 20 B.A., at 34 m r— 37, and at 48"' 7 ” 90. To take 
these observations, the easiest way is to overshoot the point somewhat, and then 
continually reversing the galvanometer to note the time of passing through the 
balance. From the curves representing the current weighings, the double force of 
attraction at the above times were found to be *9(3 45, '95G, "9495, *931, expressed in 
grams. This is what has been denoted by m (§ 2G), and the corresponding current is 

i— -037048 y/m. 

§ 36. The resistance It between the points of derivation must be expressed in 
absolute measure, if we wish E to be so expressed. But for comparison with the 
results of other observers it will be convenient to keep this question apart and, in the 
first instanco, to express our electromotive forces as if the B.A. unit were correct. 
Any factor (such as *9867) which may be adopted to express the B.A. unit in terms of 
the ohm will enter also into the expression of E in true volts. 

At the atmospheric temperature 13°*1 the value of the [4] is 3'9998 B.A., whence 

11=4*00143 B.A., 

correction being made for the heating effect of the current. 

The formula for E is 

E= *03704811. Jm — 

p — r 

The value of p (on the occasion in question) was 4999 B.A., and this completes the 
data for the evaluation of E. The four values corresponding to the above observations 
are 

1-4559, 1 4553, 1-4553, 1*4566, 

giving as mean 

E= 1-4558 B.A. volts. 


This result is for No. 4 at a temperature of 13 0, 1. The value of No. 4 in terms of 
No. 1 at the time in question was about "9998, so that we should have found for 


No. 1 


E=1"45G1 B.A. volts. 


We have still to reduce to the standard temperature of 15°. The coefficient 
originally given by Latimer Clark is 1-0006 per degree centigrade. WrighT and 
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Thomson* found a smaller number, viz., 1-00041, and with this our results were first 
reduced. Later, however, we found reason to suspect that the actual change was 
greater than this, and accordingly made some special observations to clear up the 
doubt. One cell (No. 0) was mounted in a large test tube, the gutta percha-covered 
leading wires being brought through a tightly-fitting indiarubber cork, and was kept 
constantly at 0° centigrade by being surrounded with ice. With this No. 1 at the 
temperature of the room was compared from day to day, with the result that its 
temperature coefficient is about the double (1 ’00082) of that given by Wright and 
Thomson. A similar result was found by Helmholtz, t who remarks that the effect 
of temperature may vary according to the preparation of the cell. 

Using this number to reduce the result of March 20, we have to subtract ’0022, 
thus obtaining 

E= 1‘4539 B.A. volts 

as the electromotive of No. 1 Clark at 15°. 

Table XI. 


I. 

Date, 

1883 and 1884. 

11. 

Cell used. 

III. 

Temperature. 

IV. 

E.M.F. 
in B.A. volts 

V. 

E.M.F. 
relative to 
No. 1. 

VI. 

E.M F. 
ol No. 1. 

VII. 

Correction 
to 15°. 

VIII. 
E.M.F. 
in B.A, volta, 
corrected to 
15°. 

October 23 . 

Clark No. 1 

15-9 

1 *4542 

1-0000 

1*4542 

+ *0010 

1 4552 

November 20 

„ No. 2 

15*3 

1*4549 

i-oooo 

1 4540 

+ •0004 

1*4544 

„ 21 . 

„ No. 1 

14*9 

1 *4543 

1*0000 

1*4543 

-*0002 

1*4541 

„ 22 . 

„ No. 1 

14*9 

1 *4533 

1-0000 

1*4533 

-*0002 

1*4531 

December 4 

„ No. 1 

15*8 

1*4524 

1*0000 

1-4524 

+ -ooio 

1 *4534 

„ 11 . 

„ No. 1 

17*2 

1*4524 

1 *0000 

1*4524 

+ •0020 

1*4550 

„ 12 . 

„ No. 2 

15*8 

1*4549 

1*0008 

1*4537 

+ 0010 

1-4547 

January 28 . 

„ No. 2 

15*0 

1 *4541 

1-0000 

1*4541 

+ 0000 

1*4541 

March 20 . . . 

„ No. 4 

15*8 

1*4533 

*9998 

1*4536 

+ •0010 

1*4540 

„ 25. . . 

„ No. 1 

13*5 

1*4560 

1 *0000 

1*4500 

-0018 

1*4542 

„ 29. . . 

„ No. 4 

131 

1*4558 

*9998 

1*4501 

-•0022 

1-4539 

April 2 . . . 

„ No. 1 

DM 

1*4524 

DOO00 

1*4524 

+ -0014 

1 *4538 

7 

1 >>*••• 

i 

„ No. 1 

15*5 

1 *4535 

1 *0000 

1*4535 

+ -0000 

1*4541 

j Mean .... 

1 


15*3 





1 4542 


§ 37. This determination and twelve others, made at intervals from Oct., 1883, to 
April, 1884, are exhibited in Table XI. J They are all deduced from observations with 
the current-weighing apparatus. It will be seen that there is little or no evidence of 
any progressive change. The casual fluctuations are of course partly due to errors of 
observation, but it would seem are principally to-be attributed to real variations of 

m 

* Phil. Mag., July, 1883, p. 36. 

f Sitzungsber. d. Kon. Akad. d. WisR. zu Berlin, February, 1882, 

X For continuation of Table XT. see noten. 

3 M 2 
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eleotromotive force of the same kind as appear in the Tables VI.,' VII., VIII., 
showing the relative values of the various cells. The mean temperature at the times 
of the determinations differs so little from 15°, that the final number for that 
temperature is almost independent of the temperature coefficient. 

We may take as applicable with but little error to all the cells of this type that 
have been experimented upon 

Ess 1-454 B A. volts at 15°. 

The value for the H-cells would be a little higher. (See Tables.) 

The corresponding number found by Mr. Latimer Clark was 

E= f-457 B.A. volts, 

so that the difference between us is small, and perhaps even dependent upon variations 
in the materials or construction of the cells. 

To express our results in true volts we have only to introduce the factor expressive 
of the B.A. unit in terms of the ohm. If in accordance with our own determinations 
we take 

1 B.A. unit = - 98G7 ohm, 
we shall have as the value of a Clark cell at 1 5° 

E= 1*435 volt. 

§ 38. It has been mentioned that on March 29 silver deposits were made at the same 
time as the observations of E.M.F. One object of this was to exemplify the procedure 
which will probably be in future the most convenient for the determination of E.M.F. 
when the very highest accuracy is not required. It is evident that if we assume 
a knowledge of the electro-chemical equivalent of silver, the weights obtained in a 
given time on March 29 will lead to a determination of E.M.F., independently of 
the current weiyhinys. We propose to exhibit the method of calculation, ignoring 
altogether the use of the current-weighing apparatus, whose only effect will be that of 
a resistance of about 40 ohms. If W be the weight of silver deposited in the time t, 
tv the electro-chemical equivalent, we have as the relation between W and E, 



viEtf f rdt\ 

=-pR\P-)T) 


On this occasion W=1'4531 grms., 1=3599 seconds, 11=4*0014 B.A., p=4999 B.A., 
as before. If w be assumed, the only other element required for the evaluation of E is 
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[rdt 

Jr* 

viz., the mean value of r necessary for a balance of E.M.F. during the time that the 
current ran through the voltameters. To get this the actual observations of r are 
plotted, the times being taken as abscissce, and a curve constructed representing the 
value of r throughout the course of the experiment.* From this curve the ordinates 
are measured, which correspond to the middle of every five minutes’ period. The 
values of r thus obtained are 

Table XII. 


Time. 

r. 

1 Time. 

r. 

m. 


m. 



— 22 

32 J 

4* 32 

7f 

-1<> 

37.1 

4- 48 

124 

-10 

i 42 1 

4- ()<> 

17| 

__ 2 

! 474 

i ?4 

4- m 

224 

+ 8 

4-112 

27* 

i 

4-18 

571 

+ 140 


Mcan= +383. 


The rapid falling-off of the current towards the end of the hour is believed to be 
due to the formation of crystals upon the anodes of the cells charged with silver 
chlorate. The value of 


P 



being thus found to be 49607, the calculation of E may be completed. Taking 
w=ril80x 10 -2 , we get 

E= 1*4562 B.A. volts, 

as the electromotive force of No. 4 Clark at 1 3°* 1. 

On April 2 an equally satisfactory result was found from the silver deposits without 
use of the current weighings. It will be seen that in this way anyone may determine 
the E.M.F. of his standard battery with a very moderate expenditure of trouble and 
without the need of any special apparatus. So large a resistance in the main circuit 
as in the above example, due to the idle coils of the current-measuring apparatus, is 
not necessary, but some resistance in addition to R and that of the battery and 
voltameters would probably be advisable. Otherwise the magnitude of the current 
would be too sensitive to the resistance of the voltameters, which cannot be included 

* In the formation of the curve use was made of observations in winch tho galvanometer balance was 
incomplete, the value of the scale divisions being approximately known. 
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in the circuit until the experiment actually begins. In the preliminary adjustments 
the resistance of the voltameters should be represented by an estimated equivalent of 
wire resistance, and this should not be too large a fraction of the whole. In our case 
the resistance of the three voltameters charged with nitrate solution of 15 per cent, 
was a little under two ohms, and the conditions under which we worked would be 
sufficiently imitated by a circuit containing, besides the [4] and the voltameters, an 
extra resistance of 1 0 ohms. A battery of three or four Grove cells would then be 
sufficient for the generation of the current. 
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Appendix (see § 15). 


Table of the values of sin y {2F y — (1-|- sec 3 y)E y } from y=55° to y=70°. 


55 0 

1-9198899 

60 0 

•1786408 

65 0 

•4433405 

55 6 

1-9250674 

60 6 

■1838431 

05 0 

•4487720 

55 12 

1-9302440 

60 12 

•1890478 

05 12 

•4542107 

55 18 

1-9354108 

60 18 

•1942546 

05 18 

*4590505 

55 24 

1-9405945 

60 24 

* 1994030 

05 24 

•4051097 

55 30 

1-9457677 

60 30 

•2046748 

05 30 

■4705707 

55 36 

1*9509400 

60 36 

•20988*7 

05 30 

*4700395 

55 42 

1-9561123 

60 42 

•2151058 

05 42 

•4815105 

55 48 

1-9612837 

60 48 

*22032* >0 

05 48 

•487001 5 

55 54 

1-9664536 

60 54 

•2255491 

65 54 

•4924944 

56 0 

1-9716227 

61 0 

•2307753 

66 0 

•4979956 

56 0 

- 1-9767918 

61 6 

■2360045 

00 0 

•5035052 

56 12 

1-9819605 

61 12 

•2412307 

00 12 

•5090234 

56 18 

1-9871288 

61 18 

•2464720 

66 18 

•5145504 

56 24 

1-9922966 

61 24 

•2517100 

00 24 

•5200861 

56 30 

1-9974637 

61 30 

•2509525 

66 30 

•5250304 

56 36 

*0026304 

61 36 

•2621981 

66 36 

•5311838 

56 42 

•0077970 

61 42 

•2074478 

00 42 

*530740)9 

56 48 

•0129635 

61 48 

• 2727014 

GO 48 

*5423195 

56 54 

•0181298 

61 54 

•2779585 

60 54 

•5479017 

57 0 

*0232962 

62 0 

■2832194 

67 0 

•5534935 

57 6 

•0284628 

62 6 

•2884843 

67 6 

•5590948 

57 12 

•0336297 

62 12 

•2937533 

67 12 

•5647060 

57 18 

•0387966 

62 18 

•2990263 

07 18 

•5703278 

57 24 

•0439638 

62 24 

•3043035 

67 24 

•5759599 

57 30 

•0491317 

62 30 

•3095854 

67 30 

•5816022 

57 36 

•0542999 

62 36 

•3148717 

67 36 

•5872550 

57 42 

•0594684 

62 42 

•3201621 

67 42 

•5929188 

57 48 

'0646364 

62 48 

•3254571 

67 48 

■5985930 

57 54 

•0698062 

62 54 

•3307575 

67 54 

•6042795 

58 0 

•0749769 

63 0 

•3360628 

68 0 

•6099767 

58 6 

■0801480 

63 6 

•3413729 

68 6 

•6156851 

58 12 

•0853198 

63 12 

•3466879 

68 12 

■6214051 

58 18 

•0904926 

03 18 

•3520081 

68 18 

•6271370 

58 24 

•0956665 

63 24 

•3573335 

68 24 

•6328810 

58 30 

•1008414 

63 30 

•3626642 

68 30 

•0386371 

58 36 

•1060175 

63 36 

•3680004 

68 36 

•6444054 

58 42 

•1111950 

63 42 

•3733422 

68 42 

•6501859 

58 48 

•1163737 

63 48. 

•3786896 

68 48 

•6559791 

58 54 

•1215535 

63 54 

•3840425 

68 54 

•6617852 

59 0 

1267346 

64 0 

•3894014 

69 0 

•6676045 

59 6 

•1319170 

64 6 

•3947666 

69 6 

•6734371 

59 12 

•1371009 

64 12 

•4001380 

69 12 

•6792833 

59 18 

•1422865 

64 18 

•4055155 

69 18 

•6851433 

59 24 

•1474739 

64 24 

•4108993 

69 24 

•6910170 

59 30 

•1526636 

64 30 

•4162893 

69 30 

•6969043 

59 36 

•1578552 

64 36 

•4216858 

69 36 

•7028058 

59 42 

•1630486 

64 42 

•4270894 

69 42 

•7087220 

59 48 

1682439 

I 64 48 

•4324998 

69 48 

•7146529 

59 54 

•1734412 

! 64 54 

•4379166 

69 54 

■7205985 
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Explanation of Plate. 

PLATE 17. 

Fig. I. A. Principal battery of Grove’s or storage colls. 

B. Resistance for adjustment of current. 

C. Voltameters. 

I). Rough tangent galvanometer. 

E. Reversing key of current weighing apparatus. 

F. Fixed coils. 

G. Suspended coil. 

II, K. Mercury cups, into which dip the terminals of resistance R. 

L. Earth connexion. 

M. Leolanche’s of E.M.F. compensator. 

N. 0. Resistance-boxes of same. 

P. Standard galvanic cell. 

Q. Galvanometer commutator. 

S. Associated resistance of 10,000 ohms. 

T. Galvanometer. 

Fig. 2. Section of ebonite ring (full size). 

Fig. 3, § 14. Connexions for comparison of galvanometer constants. 

A. Daniell cell. 

B. Mercury reversing key. 

C. Point where current divides. 

D. Coil of electro-dynamometer, 

E. Ebonite coil. 

F. H, L, M. Mercury cups. 

G. Bridge galvanometer. 

K. Resistance-box in multiple arc with [ 1 0]. 

P. Short circuiting piece to connect F and H. 

N. Resistance added to E. 

Fig. 4, § 24. Curves of current weighings. In the original drawing two divisions 
along the line of abscissa; represent one minute, and two divisions 
along the line of ordinates represent one milligram. Of these 
divisions every tenth only is shown in the Plate. 
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Fig. 5, § 29. H-patteru of Clark cell. 

A. Platinum wires sealed through glass. 

B. Amalgam of zinc. 

C. Pure mercury. 

D. Mercurous sulphate. 

E. Saturated solution of zinc-sulphate. 

F. Corks. 


Notes. 

(Added December, 1884.) 

Note to § 25. 

In order to investigate the effect (if any) of temperature upon the amount of silver 
deposits, we have made experiments in which voltameters maintained at different 
temperatures were exposed to the same current. The results, exhibited in the 
accompanying table, show a small but apparently real increase in the weight of 
the deposit as the temperature rises. Had the effect been in the other direction, we 
should have been disposed to attribute it to imperfections of manipulation, for the 
deposits from the warm solutions wore always coarser and looser in texture than the 
corresponding deposits (upon the same area) from the cold solutions. 



Alter usual washing and drying at 160°. 

.After beating to verge of rcdi.ewj. 


1884. 

Hot bowl 
(about 60 ). 

Bowl at 
temporal u re 
of room 
(15). 

Cold bowl 
(4 n ). 

Hot bowl. 

Bowl at 
temperature 
of room. 

Cold bowl. 

Kxceafi of hot 
over cold. 

May 27 . . . 




2*3915 


2*3905 

1 0010 

June 4. . . 

2*0230 

. , 

2-0220 

2*0229 


! 2*0221 

*0008 

July 22. . . 

1*0050 


1-9013 

1*9049 


i 1*9043 

*0000 

July 31 . . . 

1*9438 

1*9432 

1-9430 

1*9440 

1-9432 

1*9431 

*0009 


The solution was a 15 per cent, solution of pure nitrate of silver, and the anodes 
were of pure metal. The current was about ^ ampdre, and passed for rather more 
than an hour. 

The results here disclosed diminish, of course, the chemical significance of the 
number given as representing the electro-chemical equivalent of silver, but the 
variation is so small at ordinary laboratory temperatures that the use of the silver 
voltameter as a means of defining electric quantity is not practically interfered with. 

MDCCCLXXXIV. 3 N 
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Note to § 26. 

M. Mascart (Journal de Physique, t. iii. ; Juillet, 1884) has recently revised the 
calculation of the constant of his apparatus, by which revision the final number is 
altered from ‘01124 to *01 1 15G. 

Note to § 27- 

Although there can be no doubt that silver is greatly preferable to copper for the 
electrolytic measurement of currents, we have thought that it might be useful to make 
a few comparisons of the two metals, so as to allow copper to be referred to on an 
emergency with as much success as the nature of the case admits. The copper 
deposits were taken in the same way as the silver upon platinum bowls, the anodes 
being wrapped in filter paper and suspended at the top of the liquid. On account of 
the tendency to oxidation it is not advisable to allow the copper deposits to soak for 
a long time. They were washed in boiling water for about half an hour, and then 
di'ied off in the hot closet at 150°. Tho solutions were made from sulphate, bought as 
pure, no acid being added. Of the four bowls I., II. are large and somewhat deep, 
III., IV. arc shallow saucers about 3 inches in diameter. In the large bowls the area 
of deposit was about 32 sq. centims., in the smaller about 25 sq. centims. The 
strength of current on the first two occasions was about 3 ampore, on the last about 
| ampisre, thus representing the circumstances for the measurement of tho current 
through an incandescent lamp. 





Weight of 
deposits. 

Mean, 

Ratio 

Equivalent of 

Date, 1884. 

Bowl. 

Solution. 

of copper to 
silver. 

copper 

(silver - 108), 

Nov. 20 

I. 

Silver nitrate 15 per cent. 

1*3874 1 

1*3872 




III. 

1-3870 / 

•2937 

31-72 



» • * 

11. 

IV. 

Copper Hulpli. sp. gr. 1*174 

•40(35 1 
*4082 / 

•4074 



Nov. 27 . . 

II. 

Silver nitrate 15 per cent. 

I -0. r )23 1 

1 *0v K > 



n • * 

IV. 

1-0,722 / 


•2934 

31-69 


>1 * • 

>> • • 

III. 

I. 

Copper sulpb. sp. gr. 1*115 

•3091 1 
•3081 j 

•3087 



Dec. 11 

II. 

IV. 

Silver nitrate 15 per cent. 

3-0489 1 
3-0487/ 

3 0488 







•2938 

31-74 

»> • • 

* * 

III. 

I. 

Copper snlph. sp. gr. 1*115 

•89-70 1 
•8902 / 

•8959 



Moan 


•• 



*2930 

3172 


Multiplying *2036 by 4 0246 we get 1*182 grms. as the amount of copper deposited 
per ampere per hour. 
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Note to § 30. 


Observations made at intervals since this paper was read may here be given in 
continuation of Tables VI I. and YII I, 



June 2fl. 

July 14. 

July 21, 22. 

Aug. 0. 

Oct. 8. 

0<it. 28. 

Nov. 14. 

Dec. 5. 

Clakk 1 . . 

1-0000 

1 0000 

1-0000 

1-0000 

i -ouoo 

1-0000 

1-0000 

i-oooo 


4 . . 

•9998 

I'OOOO 

] -oooo 

10004 

■9990 

*9997 

0-0000 

0 0000 


5 . . 

•9997 

1-0007 

•9998 

1*0006 

•9990 

*9994 

•9993 

-9997 


8 . . 

•9997 

•9998 

•9998 

•9996 

•9997 

•9998 

1 0000 

■9996 


9 . . 

1 *0000 

1 0000 

1-OO02 

•9998 

i -oooo 

1-0O02 

1-0002 

•9999 


10 . . 

1 0003 

1-0003 

] -0003 

1*0003 

1-0003 

1-0003 

1*0003 

1-0003 


11 , . 

1 -0003 

1-0004 

1-0003 

1-0007 

1-0003 

1*0003 

] -0003 

1-0004 


12 . . 

] -0004 

1-0004 

1 -0004 

1*0007 

1-0003 

1-0003 

1-0003 

1 -0003 


13 . . 

1-0002 

1 -0002 

1 -0002 

1 -oooo 

1-0002 

1-0002 

1-0003 

1-0001 


14. • 

1 •0026 

1 0003 

1-0003 

1-0002 

1-0003 

1-0003 

1-0003 

1-0003 


10 . . 

1-0004 

1-0003 

1 -0004 

1-0002 

1-0002 

1-0003 

1-0003 

1-0003 


18 . . 

•9974 

*9920 

•9900 

*9860 

•9800 

•9810 

■97(50 

tnmtendy 


19 . . 

1-0004 

1-0000 

1 -oooo 

•9997 

1-0000 

1*0002 

1-0001 

•9999 

h 6 . 


1-0005 

1 -0004 

1-0005 

1 *0005 

1-0003 

1-0003 

1-0004 

1-0006 

H„. 


1-0007 

1*0004 

1-0005 

1-0005 

] -0004 

1*0002 

1-0003 


H, 0 


1-0004 

1-0005 

1 -0005 

1-0003 

1-0003 

| 1*0003 

1-0004 

1 0004 

H n 


1-0004 

1-0005 

1-0005 

1-0003 

1-0002 

1 1*0003 

1-0003 

1-0003 

II 




1-0030 

1-0004 

1-0003 

1*0003 | 

1 -0003 

, , 

h,; 


• • 

• * 

1*0009 

1-0003 

1-0002 

1 0003 

1 0003 

1-0001 


Some H-cells have been set up Mr. Thkelfaix, with amalgams of known composi- 
tion, varying from zinc to £ zinc by weight. The duration of the test has as 
yet been scarcely adequate, but it appears that the smaller quantity of zinc is sufficient. 


Note to § 32. 

Comparisons of standard Daniell cells of the Post Office pattern sent me by 
Mr. Pkeece have been made on several days, but did not give satisfactory results. 
The E.M.F. rises about 1 per cent, during the half hour following the placing of the 
zincs and porous cells in the working compartment, and the two specimens differed 
from another about per cent. The mean values were about 108 1 and 1 056 true 
volts. 


Note 1 to % 37. 

An examination of the recent comparisons of cells of different ages will probably 
lead to the conclusion that no important absolute change of E.M.F. can have occurred 
during the thirteen months ; but since the cells have been employed as standards for 

3 N 2 
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the determination of electric currents in various experiments, e.g., for the determination 
of the constant of magnetic rotation (Proc., June, 1884), it seemed desirable to supple- 
ment Table XI. with observations of later date. Two further absolute determinations 
have accordingly been made on November 21 and November 27, 1884, by the method 
of § 38, with the following results : — 


Table XI. (continued). 


Date. 

Cell used. 

Temperature. 

E.M.F. in B.A. 
volts. 

Correction to 
16". 

E.M.F. in B.A. 
volts corrected 
to 16°. 

November 21 . . 

„ 27 . . 

Cl.AKK No. 1 . 

„ No. 1 . 

0 

13-7 

13*4 

1 *4548 
14355 

-■ooh; 

-•0019 

1*4532 

1*4530 

JVloan . 



! 

1*4534 


The difference between 1 "4534 and the mean of Table XI., viz., 1‘4542, would 
indicate a fall of about 2 oVo> but the determinations are hardly precise enough to 
warrant us in regarding this fall as an established fact. 


Note 2 to § 37. 

Two further determinations of the E.M.F. of Clark cells have been published 
since this paper was communicated to the Royal Society. They both depend upon 
the evaluation of currents by means of silver, as in § 38. 

A. v. Ettinoshauskn (Zeitschrift fur Elektrotechnik, 1884, xvi. Heft) finds at 
15°\ f j the value 1’433 volt, using Kohlrauscu’s (second) value of the electro-chemical 
equivalent. 

Again (Amer. Journ. Sci., Nov., 1884) Mr. Carhart obtains l - 434 volt. This 
appears to correspond to a temperature of 18°. 

These results are satisfactory as tending to show that Clark cells may be set up in 
different places and by different hands so as to give nearly identical E.M.F. 
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[Plates 18, 19.] 

1. The object of this paper is to furnish an experimental proof of the theory advanced 
by Professor James Thomson (Brit. Assoc. Reports, 1871 and 1 872, and Proc. Roy. Soc., 
vol. xxii., 27), that the pressure exerted by the vapour of a solid substance at a given 
temperature is less than that of the vapour of the substance in the liquid form at the 
same temperature. This theory was simultaneously brought forward by Kirchhoff 
(Pogg. Ann., vol. ciii., p. 206). 

2. In confirmation of this theory, offered as a result of thermodynamic considerations 
and demonstrations, Professor Thomson made use of empirical formula), devised by 
M. Regnault, to represent the different parts of the experimentally derived curve for 
expressing relationship between temperature and pressure of water-gas in contact with 
ice and with water ; and he showed that Regnault’s results, when rightly interpreted, 
pointed to a discontinuity in the curve, occurring at a temperature nearly coincident 
with 0°, the melting-point of ice under normal pressure. Although Professor 
Thomson’s conclusions bear remarkable testimony to the extreme accuracy of 
Regnaitlt’s work, yet the differences of pressure in the case of water and ice are so 
minute as to require, for trustworthy determination, much greater refinement than 
Regnault’s methods admitted of. 

3. That Professor Thomson’s conclusions have not received general acceptance is 
best shown by the following translation from one of the most recent works on thermal 
chemistry, Naumann’s * Thermochemie ’ (Brunswick, 1882),p. 178 : — “With naphtha- 
lene, a substance which is solid at 78°, when the temperature is raised, but when 
previously melted and cooled to 78° remains liquid, adhering in liquid drops to the 
walls of the vacuum-tube, I was able to observe that its vapour exerts the same pres- 
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sure whether evolved from and condensing to the solid or the liquid form. In accord- 
ance with these observations are former results of experiments on the vapour-pressures 
of ice and water, benzene, ethene bromide, acetic acid, cyanogen chloride, and carbon 
tetrachloride, all of which prove that in the passage of a substance from the solid to 
the liquid state no noticeable alteration in the curve of vapour-pressure occurs, but the 
curve preserves perfect regularity, both before and after the change.” 

4. In the following pages an experimental proof of the correctness of Professor 
Jas. Thomson’s theory will be given for camphor, benzene, acetic acid, and water. ' As 
these substances are representatives of very different chemical types, the law may be 
held to apply to all stable bodies in the liquid and solid states. 

5. From its high tension at the melting-point, camphor promised results which 
might be expected to throw light on this question. The experiment was performed 
as follows : — 

A barometer-tube was nearly filled with freshly distilled and filtered mercury, con- 
nected with a triple Sj’rengel pump, and a vacuum established. The mercury was 
then boiled throughout the whole length of the tube, by heating it from below up- 
wards, with the flame of a Bunsen burner, so as to remove air and moisture. Dis- 
sonnecting from the pump, some fragments of previously fused pure camphor were 
placed on the surface of the mercury and kept in position by means of a coil of 
platinum gauze. The tube was again exhausted, and dry mercury was allowed to flow 
into the vacuous tube so as to cover the camphor and gauze. The tube was then dis- 
3 onnccted from the Sprengel, pump, and inserted in a trough of dry mercury. By 
this means the entire absence of air and moisture was ensured, and the method is a 
more convenient one than that described in the paper which we had the honour to lay 
before the Society in June of last year, entitled, “The Influence of Pressure on the 
Temperature of Volatilization of Solids” (Phil. Trans., 1884, p. 37). 

The experimental tube was heated by means of aniline-vapour. Having previously 
made a set of numerous determinations of the vapour-pressure of aniline at different 
temperatures, we were able, by regulating the pressure, to surround the barometer- 
tube containing the camphor with vapour at any desired temperature between 120° 
imd 18 4° -5. 

It is not here necessary to give detailed observations of the vapour-pressures of 
3 amplior at lower temperatures; suffice it to say that they confirmed those obtained 
:>y tliis, and by another method described in the paper already referred to. For the 
purpose of this memoir we shall confine ourselves to pressures at temperatures near 
die melting-point. 

6. The results were calculated according to the formulae : — 

P'=B— (/X 0-00018 1- t')+p r }, and 

P=P'-(FxO-0001G9 «)=(f-F® 0 ^ for t=20°) 

P = Pressure of vapour in millimeters of mercury, reduced to 0°. 
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P'= Pressure of vapour in millimeters of mercury at temperature of room. 

B = Barometric height „ ,, „ ,, 

b = Height of mercury in experimental tube. 

ft = Height of mercury in trough. 

y> T = Pressure of mercury vapour at temperature T. 

T = Temperature of aniline- vapour. 
t = Temperature of room. 
t' =T -t. 

I =b-p. 

YAroun -pressures of camphor. 


p\ 

B. 

b. 


lx 0-000181 t\ 

Pr 

P. 

T. 

Statu. 

95*2 

764-7 

702-8 

27-2 

9*0 

2*9 

94-9 

130*0 

Solid. 

152*6 

11 

645*1 

28*8 

8-7 

4*5 

152*1 

149-8 


274-9 

11 

520*0 

31*7 

6*4 

7-9 

274*1 

108*0 


328*9 

760-7 

459-1 

33*3 

3*3 

9*0 

327 0 

174*0 


351*8 

764-7 

441*3 

33-7 

4-7 

10-0 

350*0 

176-7 


364-8 

11 

427*9 

341 

4*4 

10*5 

363-6 

178*3 

Liquid. 

372*5 

760-7 

414*0 

34-3 

21 

10*6 

370*3 

178*9 

380-0 


406*2 

34*5 

1*9 

10 9 

378-7 

179*5 


387-2 

>1 

399*0 

34*8 

1*7 

11*0 

385*9 

180*3 

99 

394-6 

759-4 

390*0 

35*0 

1*4 

11*3 

393*3 

181*2 

91 

395-3 

760-7 

390*5 

35*0 

1*5 

11*3 

394*0 

181*3 1 

1 9 

399-9 

759-4 

384*6 

35*2 

1*3 

11*4 

398*0 

181*9 

9 1 

402-1 

11 

382*5 

35*2 

1*3 

11*4 

400 8 

182*0 

9 1 

406-6 

J) 

377*8 

35*4 

11 

11*6 

405*3 

182*0 

91 

408-7 

n 

375*5 

35*4 

1*0 

11 7 

407*4 

182*8 

9 9 

414-1 

yy 

370*0 

35*6 

0*9 

11*9 

412*8 

183*4 


422-4 

n 

363*0 

35*7 

2*6 

12*3 

421*1 

184 5 

91 

595-2 

750*2 

170*7 

40*0 

1*4 

19*7 

593*2 

198*7 

99 







740*3 

207*3 

n 

- 


For the last observation but one the' tube was jacketed with the vapour of methyl 
benzoate boiling at 750'2 millims. ; the last observation refers to the boiling-point of 
camphor under a pressure of 746 '3 millims. 

7. A graphic representation of the numbers obtained near the melting-point of 
camphor is given in the annexed curves. Curve No. I., Plate 18, gives a general 
representation of the vapour-pressures of camphor. Curve No. II. shows the vapour- 
pressures in the neighbourhood of the melting-point on an enlarged scale. It is to be 
noticed that the curves exhibit considerable irregularity about the melting-point, and 
that a prolongation of the portion above the melting-point would intersect the portion 
below the melting-point, as shown by dotted lines in Curve No. II. 

8. As our anticipations were so far fulfilled we proceeded to investigate the behaviour 
of benzene and of acetic acid. The measurements obtained by means of a barometer- 
tube were not sufficiently accurate for our purpose, and therefore we employed the 
method described in the paper previously referred to, by means of which it was shown 
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that the maximum temperature to which a solid, having free surface for evaporation, 
can attain is that at which its vapour pressure is equal to the gaseous pressure to 
which it is exposed during distillation. The apparatus was modified as described in 
§ 1 7 of that memoir. In reading pressures, parallax was avoided by the use of a 
mirror graduated in millimeters, standing vertically behind both gauge and barometer, 
and it was possible to read with confidence to the tenth part of a millimeter. (In 
testing this scale with a standard cathetometer by Mr. Darwin, of Cambridge, the 
greatest deviation observed was 0‘026 rnillim. in a range of 200 millims.) Only two 
readings were required, and these involved no correction at low pressures. 

The cotton-wool having been moistened with benzene, the following readings were 
token : — 

9. Vapour pressures of benzene. 


Temperature (corrected). 

PreBBure (observed). 

PrcBHure (corrected). 

State. 


millims. 

miliinn. 


9*00 

44*55 

44*40 

Liquid 

>> 

8’20 

41*05 

40-90 

0-3-2 

37*20 

37*10 

n 

4-50 

33*30 

33-20 

»» 

4*40 

34*15 

34*05 


4-.IH 

33*45 

33*35 


401 

32*50 

32-40 

>» 

30O 

32*05 

82-55 

»> 

3*00 

31*50 

31*40 

Solid 

2*98 

32*00 

31*90 

Liquid 

200 

30*00 

29*90 

Solid 

1*20 

27*40 

27*30 

n 

0*90 

20*80 

26*70 

ii 

— 0*20 

25*00 

25*50 

ii 

-1*28 | 

23*40 

23*40 

ii 

-1*72 

22*35 

22*35 

ii 

-2*80 

20*80 

20*80 

ii 

— 3*77 

j 19*00 

19*00 

ii 

-4*80 

17*90 

17*90 

ii 

-5*21 

17*00 

! 

17*00 

ii 


10. The boiling point of this specimen of benzene, which had been purified by 
recrystallization fifteen times and then carefully dried and fractionated, was 80° at a 
pressure of 7557 millims.; it melted at 3°'3. From Professor V. Meyer’s recent 
researches, however, it is probable that it still contained thiophene. The results are 
graphically shown in the accompanying curve, and it is evident on first inspection that 
the solid-gas curve is not continuous with the liquid-gas curve. We were unsuccessful 
in our attempts to cool benzene appreciably below its freezing-point without its 
solidifying. 

11. As acetic acid promised favourable results in this respect we subjected it to 
experiment. 

The results are given in the following table : — 

For series IV., V., VI., VII., and VIII., a thermometer graduated in tenths of 
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degrees was employed, and for series YIL and VIII. the barometer was refilled and 
again boiled out. It was easy to know when the acetic acid was solid and when 
liquid; for on lowering the pi-essure with liquid acid the temperature fell steadily 
and readings were taken, the pressure being kept constant for some time before each 
reading. As soon as the acid solidified, however, the temperature rose suddenly 
nearly to the melting-point, and then quickly fell to below its starting-point. Air 
was then carefully admitted to raise the temperature of the acid to near its melting- 
point, readings being taken from time to time ; aud on pressure being reduced by 
means of the pump, readings of the vapour-pressure of the solid acid were again taken, 
during fall of temperature. 

12. VAPOUR-pressures of solid and liquid acetic acid. 


Series I. 


Temperature. 

Pressure. 

State. 


miHims. 


27 2 

10*8 

Liquid 

22-4 

12*9 


10*6 

8*7 

9 9 

132 

0*9 

Solid 

5*4 

3 5 

»» 

3*7 

2*8 


-0 *6 

1*95 

11 


Series IT. 


Temperature. 

Pressure. 

Slate. 

o 

mtllims. 


273 

17*45 

Liquid 

21*4 

12*65 


16*75 

10*45 

9 9 

15*6 

9*15 

*9 

15*4 

8*75 

Solid 


Series III. 


Tempera* ure. 

Pressure. 

State. 

0 

millima. 


14*2 

8*3 

Liquid 

12*2 

C-05 

Solid 

8-4 

4-25 

»» 

7-2 

4 '05 


6-3 

3-70 


1-85 

235 

♦» 

-5(3 

1'30 



3 O 
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Series IV. 


Temperature. 

Pressure. 

State. 


millims. 


20-10 

120 

Liquid 

18-60 

11*1 

>♦ 

15-50 

9-1 

n 

13-70 

8*1 

33 

12-30 

7*3 

33 

10-70 

6*75 

jy 

0-70 

0*20 


8-72 

4*60 

Solid 

• 8-r>8 

5*95 

Liquid 


Series V. 


Temperature. 

Pressure. 

State. 


minima. 


1515 

8-40 

Solid 

13 96 

7-30 


1170 

0*15 

y y 

10*40 

5*30 

y y 

8*50 

4*35 

yy 

6*68 

3-85 

y y 

5*32 

3*3 



Series VI. 


Temperatu re. 

Pressure. 

State. 


millims. 


1570 

9*25 

Liquid 

8*54 

5*95 


7*06 

5*25 

3 3 

6*30 

5-00 

33 

4*20 

4*25 

33 


Series VII. 


Temperature. 

Pressure. 

State. 


millims. 


2o -y 

12*45 

Liquid 

14 72 

8*50 

33 

14*39 

8-45 

33 

10*00 

6-50 

33 

7*13 

5-40 

33 

4*7o 

4-75 

93 

272 

4-00 

33 

11*39 

5-75 

Solid 

8*40 

4-65 

♦3 

7*09 

4-00 

93 
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Series VIII. 


Temperature. 

Pres- ure. 

State. 


milliuib. 


25(50 

1595 

Liquid 

2~*05 

13*05 


21*08 

12*85 


19*20 

11*05 


1 7-00 

9*75 


10-41 

9*45 

Solid 

10-32 

9-15 


10-20 

910 

>> 

1609 

8-95 j 

! 

15-80 

8-85 

♦» 

150 

855 

«>> j 

14-9 

8-55 

Liquid 

14-85 

8-00 

Solid j 

14-58 

7-95 | 

,, 1 

14-50 

7;20 j 


13-50 

0 * 7 5 

1 

' * 

1200 

(>*t>5 

1) i 

1210 | 

(>*05 


9- 1C 

4*70 

M 

0-41 i 

3 75 


2-80 

2*8 

,, 


13. On inspection of the curves representing the above numbers (Plate 19), the 
truth of Professor Thomson’s theory is evident, for in the case of acetic acid, both 
the solid-gas curve and the liquid-gas curve have been obtained at temperatures 
below the melting-point. 

14. An attempt was next made to measure these differences by the barometric 
method. As it is important in such experiments to ensure complete absence of air, the 
methods of introducing the liquid into the barometer tube may hero bo noticed. In 
the first series, the following method was employed. The little apparatus a, Plate 18, 
fig. 1, was partly filled with acetic acid, and exhausted with the pump, so as to remove 
dissolved air. A straight barometer, boiled out as usual, was placed in position. 
The little apparatus was removed from the pump, the point was broken off under the 
mercury, in the trough in which the barometer-tube stood, and a little of the acid forced 
up into the tube. There was a trace of air as large as a pin-point observable on 
slightly inclining the barometer-tube so as to bring the liquid to the top, which, 
however, was rapidly redissolved by the acetic acid. 

15. Various attempts were made to secure constant low temperatures, which could 
be rapidly varied at will. The apparatus shown in b, Plate 1 8, fig. 1, was found best to 
answer the purpose. The tube, serving as a jacket to the upper portion of the barometer- 
tube containing the acid, was half-filled with ether, through which a current of dry air, 
regulated by means of a stop cock, was drawn by an injector. The temperature 
rapidly fell, and remained constant so long as the rate of the current of air was not 
altered. The uniformity of the temperature of the ether was ensured by the violent 
agitation caused by the bubbles of air. Fresh ether was admitted from time to time 

3 o 2 
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through the funnel, to replace that which had evaporated. The temperature was 
registered by a thermometer graduated in tenths of degrees, shown in the figure. 


16. Series I. 


Temperature. 

Pressure. 

State. 

o 

19*4 

millima. 

Ill) 

Liquid 

107 

5*9 

»» 

107 

6*0 


13*2 

8*0 

j? 

5*4 

4*5 

n 

5 * 5 

4*4 

1 ) 

17 

*4 

11 

♦V 4 

5-0 

Solid 

17 

3*8 

ii 

| 9*6 

67 

ii 

1 1*2 

80 

ii 

j 1*0 

l 

7*9 



17. These numbers in their irregularity resemble those given by Kegnault (Mem. 
de l’lnstitut, vol. xxvi.), and gave no indication of a difference in vapour-pressure 
between the liquid and solid states. 

Thinking that the higher vapour-pressures of the solid acid might he due to the 
liberation of the small amount of dissolved air during solidification, another method of 
filling the tube was resorted to. 

For the second serios the method adopted was that previously employed for camphor ; 
after a plain barometer-tube had been boiled out, liquid acetic acid was introduced, 
and after exhaustion was frozen. Mercury was then admitted, and while the acid was 
still solid, the tube was inverted over mercury ; the acid on melting rose to the top. 
Even with this precaution a minute trace of air was still present. 


18. Series II. 


i 

| Temperature. 

Pressure. 

State. 

0 

millims. 


15*9 

9-3 

Liquid 

181 

10*4 


16*85 

9*6 


lti-3 

9*3 


157 

91 


12*3 

6*3 


7*7 

5 1 

ii 

1*0 

4*0 

Solid 

4*7 

5*1 

ii 

11*9 ! 

7*8 

ii 

13*4 

8*3 


8*7 ! 

6*3 

ii 

555 1 

5*1 

ii 

4*6 j 

5*0 

ii 

15 

i 

4 1 

ii 
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19. As these results were still capricious the tube was filled by a third method, which 
ensured complete absence of air. The shape of the barometer-tube was modified, as 
shown in c, Plate 18, fig. 1. The tube, after exhaustion, was filled to within about an 
inch of the branch, and boiled out as usual. Air was then admitted, and about 1 cubic 
centimeter of acetic acid was introduced. The tube was again exhausted, and the 
acetic acid was gently warmed, so that its vapour might expel the last traces of air. 
While the pump was in action, mercury was admitted, the tube being placed in such 
a position that the acetic acid rose into the closed end of the tube near the junction. 
Disconnecting from the pump, the tube was inverted in mercury, when the acetic acid 
rose to its upper end. The absence of air was so complete that the liquid adhered for 
some time to the top of the tube, the mercury standing at several centimeters above 
the barometer level, and falling only after being violently shaken. This series includes 
only a few measurements below the melting-point, the majority being taken at higher 
temperatures for a different purpose. 

20. Series TIL 


Temperature. 


Pressure. 


State. 


14*95 

4-tfO 

10*80 


milliim 

8*5 | Liquid 

4*5 I Solid 


In this series it was found impossible to prevent the solidification of the acid below 
the temperature 14 0, 95, and as the results with the solid were still capricious the 
experiments were not continued. It may be mentioned, however, as a proof that no 
air was evolved during solidification, that after the acid in contact with the mercury 
had frozen, the mercury adhered to the solid even after lowering the level of the 
mercury in the trough. 

21. It may be remembered that Regnault attributed his discordant results to the 
presence in his acetic acid of water, or of acetone, the former causing too low, the 
latter too high vapour-pressures. The acid which we used for these experiments was 
a portion of a stock of glacial acid, obtained for laboratory purposes several years ago. 
The liquid portion had been poured off from time to time, as required for laboratory 
use; a very complete series of fractionations has thus unwittingly been carried out, 
and it is now so pure that, at temperatures slightly below its melting-point, it is com- 
pletely solid. This acid was fractionated ; a portion containing water came over 
below 119 0, 1 (pressure=750 , 3 millims.) ; but after this temperature had been attained 
the whole of the liquid distilled with absolute constancy. Fractions were taken as 
required from time to time, as the liquid was found very apt to absorb moisture. The 
purity of this acid is best guaranteed by the absolute concordance of the determinations 
of vapour-pressures by the distillation method already given, as well as of those at 
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higher temperatures which form part of another investigation. The melting-point was 
found to be 16° '4. 

22. In all these determinations of vapour-pressures bj the barometer-tube method, 
the atmospheric pressure was ascertained by a barometer standing in the same trough 
as the experimental tube, and jacketed with flowing water at constant known tempera- 
ture. The heights of the mercury in both tubes were read by a mirror-scale standing 
vertically behind them, and were corrected to zero. When necessary, corrections for 
capillarity were applied, but when possible, wide tubes, of approximately the same 
diameter, were employed. 

As every care was taken we are unable to offer any explanation of these capricious 
results ; they serve at least to account for Regnault’s want of success in his attempt 
to solve this problem. 

2.1. Ethene dibromide was next experimented on, as it was one of the substances 
chosen by Regnault to decide this question. The new method was employed with 
the following results. The liquid was not quite pure, boiling from 130°-l:i2°. 


Temperature. 

Pressure. 

State. 

o 

inilluuB 


-17 

l ;*r> 

Liquid 

— 19 

l -2r> 

* > 

-M) ! 

__ i 

r;ir> i 

Solid 


Owing to the extremely low pressures, the differences were too small to be measured. 

24. Regnault states that he experimented on carbon tetra-chloride in the solid and 
liquid states. We found no sign of solidification even at —25°, and the body was 
therefore rejected as unsuitable for our purpose. 


Vigour pressures of liquid and solid water. 

25. After devising the vapour-prossure apparatus we tested its accuracy by deter- 
mining the vapour-pressures of ice and water between — 15° - 9 and 100°. The results 
agreed well with those calculated by means of Regnault’s formula} ; the minute 
differences, however, were not carefully noted at the time. Having acquired by the 
previous experiments the necessary dexterity of manipulation and accuracy in reading, 
we proceeded to the determination of the vapour-pressures of water and ice at low 
temperatures, which, on account of the extremely small differences to be observed, 
offers greater difficulties. It was first attempted to devise some means of measuring 
accurately small differences of pressure. One device was the use of a barometer and a 
gauge, of the ordinary diameter, to the upper ends of which were sealed narrower tubes 
bent almost at right angles, the bent portions lying in a nearly horizontal position, so 
that a slight alteration of pressure would produce a flow of the mercury through a 
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considerable length of tube. Another was the use of a glycerine barometer and 
gauge. A third was to suspend the barometer and the gauge from the arms of a 
balance, while the lower ends dipped into two troughs communicating with each other. 
The diameters of the tubes being known, the difference in level could be ascertained 
by a difference in weight. This last method promised success, but it was abandoned 
in favour of a much more simple one. 

26. The principle of this method is to observe the temperatures of both ice and 
water while at the same pressure. Absolute accuracy in reading pressure is, as will 
hereafter be shown, not essential. The apparatus by which this was accomplished is 
shown in Plate 18, fig. 2. 

A and B are the two thermometers, graduated in tenth -degrees, the bulbs of which 
arc covered with cotton wool. The arrangements for introducing liquid, so as to 
moisten the cotton wool, are similar to those already described. The two vertical 
tubes dipped in water, the temperature of which was maintained at 35°-40°. The 
condenser differed but slightly from that previously used. The altered position of the 
exit tube C was found to be more favourable to condensation. The arrangement of 
the gauge and barometer is also shown in the figure. In order to ensure that the 
diameter of tho gauge was the same as that of the barometer, the portion of the gauge 
D and the top of the barometer tube E were taken from adjacent portions of the same 
tube. The divisions on the mirror scale F were extremely fine, and an attempt was 
made to read to half-tenths of millimeters, with what success will be seen hereafter. In 
reading pressures, the level of the mercury in the trough was frequently altered, so as 
to avoid reading ordy at one part of the scale. As a rule, the mean of several readings 
is given. In order to facilitate exhaustion, the gauge was connected by means of a 
T-tube with a Carre’s air-pump, as well as with a Sprengel pump, the former serving 
as a rough and the latter as a fine adjustment. In these experiments, after exhaustion 
by the Carri?! pump, the lead tube connecting that pump with branch G of the 
T-tube was removed, and this junction served to admit air when desired. The india- 
rubber tubing, which was specially made for the purpose by Messrs. Thornton, of 
Edinburgh, was very thick-walled, so as to avoid collapse on reduction of j)ressure, 
and was impervious to air. The india-rubber corks through which the thermo- 
meters passed were coated with paraffin. These precautions prevented any leakage 
whatsoever. 

As before, a freezing mixture of pounded ice and hydrochloric acid surrounded the 
condenser. 

27. Three thermometers were used, A and C by Negretti and Zambra, B by 
Cette Their zero-points were first determined, and a careful comparison of the scale 
below 0° was made by placing them in position, freezing water on the cotton wool 
covering both bulbs, and altering pressure. In this comparison both thermometers 
were under the same pressure, and the volatilizing point of ice being solely dependent 
on the pressure, both thermometers were under precisely the same conditions, and 
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must therefore register the same temperature. It was found that the two thermo- 
meters by Negretti and Zambra agreed throughout as to the length of their 
divisions ; and a curve was constructed, showing the relation of the degrees on 
thermometer B to those of A. 

28. It is worth recording that the zero-points of all the thermometers were lowered 
on reduction of pressure, but to very different amounts. The readings under atmo- 
spheric pressure of thermometers A and C, when placed in ice, being taken as identical, 
it was found that in a vacuum thermometer 0 stood 0°‘5 lower than A. A similar 
phenomenon 1ms been observod by Mills. After coating thermometers with metals 
electrolytically, he noticed that the deposition of zinc and cadmium lowered the zero- 
points of his thermometers from 0 - 27 to 075 degree, while copper raised the zero-point 
in one case as much as 1470 degrees (Proc. Boy. Soc., vol. 20, p. 504). Mills made a 
comparison of this effect with that produced by raising or lowering atmospheric pressure. 

Tho following table shows a comparison of thermometers A and B, by the method 
already mentioned : — 


Number of experiments, 
mean of. 

Temperature of A. 

Temperature of 15. 

Difference. 

4 

— 2 82 

— 3°16 

0*34 

1 

3*72 

4*10 

0-38 

3 

4*06 

5 * 0(5 

0*40 

2 

r>*oc 

5*53 

0*47 

2 

4 - 0-10 

0*21 

0*31 

2 

01 5 

0*17 

0*32 

2 

-2 33 

2*68 

0*34 

i ! 

3*62 

4*04 

0*42 

i i 

1*80 

2*18 

0*38 

i ! 

2 02 

3*34 

0*42 

i 

3*87 

4*30 

0*43 

4 

4 59 

5*09 

0*50 

3 

4*35 

4*77 

0*42 


4*93 

5*38 

0*45 

1 1 

04)6 

1*00 

0*34 


The extreme variation in difference amounted to 0°‘19. The difference was found 
to increase with fair regularity as the temperature fell. 

30. From these numbers the following table was constructed by the graphic 
method: — Zero-points of A and B under the same conditions were respectively 
-j- 0°*1 1 and — 0 o, 21. A and C (of which the zero-point had been raised to 7°‘23 for 
convenience of reading) were found to be identical throughout, hence their readings 
were accepted as correct, while those of B were corrected as given in the table 
below : — 
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Temperature. 

Difference between A and B. 

Correction for B. 

o 

o 

r} 

0 

0-32 

0-21 

-1 

034 

023 

o 

037 

0 2(> 

— 3 

0*40 

029 

~4 

042 

031 

-5 

045 

034 


31. A comparison of thermometers A and C was made before and after the experi- 
ments. They were first placed in melting ice, when A read 0 o, 18 and C, which had 
been altered in order to secure greater range, 7 0, G5. In vacuo the zero-points of 
these thermometers were 0 o, ll and 7 0, lO respectively. Thus thermometer A fell 
0 O- 07, while C fell 0°'55, the difference being 0 o, 48. This was repeated after the 
experiments described in Series II., when A placed in melting ice read 0°'23, and C 
7°' 72, and in vacuo 0°' 1 7 and 7°‘I3 respectively. Thus A fell 0°‘06 and B 0 O- 59, the 
difference being 0 o- 53. This agrees with the comparison of the two thermometers at 
the atmospheric pressure and in a vacuum. At the same time, other readings of 
thermometer C were somewhat variable, and it was therefore deemed advisable to 
assume that the zero-point of C in Series II. was 7°'23. That this is so is shown hy 
the fact that, taking this number as correct, the differences between the two thermo- 
meters disappeared at 0°. But even if 7°' 13 were accepted as the zero-point of C it 
would not materially affect our results. 

32. The experiments were conducted in the following manner: — Water was admitted 
so as to moisten the cotton-wool of both thermometers. Air was then removed as far 
as possible by means of the Carre pump ; it was then disconnected. The condenser 
was next cooled, when the temperature registered by both thermometers quickly fell 
to about — 5°. Solidification then took place, the temperatures ra.pidly rising to 0°, 
and quickly falling again. The freezing-mixture was then removed, and a little 
air introduced, and one tube was jacketed with hot water. Both thermometers 
remained stationary at 0° for some time ; the one which was warmed was allowed to 
rise to about +15°; the other thermometer remained below +3°. The freezing- 
mixture was then replaced, and air was slowly removed by the Sprenuel pump. 
Under these circumstances it invariably happened that ice was formed on that 
thermometer, the temperature of which had not risen above 3°, as soon as the pressure 
fell below 4'6 millims., while the water on the other thermometer could be cooled to 
— 5° without freezing by slowly reducing pressure. At a temperature between — 5° 
and — 6° it always froze. Between — 5° and —0°, therefore, it was possible to obtain 
comparative readings. 

33. In the tables which follow all the readings are given, except some preliminary 
ones made before the method of manipulat ion had been learned. 

3 p 
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Series I. 









Difference 

Mean pressure. 


A. 

B. 

Mean of A. 

Mean of B. 

A corrected 
(ice). 

B corrected 
(water). 

Observed. 

Calculated. 

Observed. 

Calculated. 


f — 24)8 

— 2*00 

o 

O 

o 

o 

o 

o 

millims. 

millims. 

< 

- 2*01 
[-102 
f - 3*20 

— 2<U 
- 2-54 
- 4-00 

-2*00 

— 2*61 

-211 

- 2*35 

0*24 

0*28 

3-80 

3-88 

i 

j 

L — 310 
r - 3*42 

— 4-24 

- 3*18 

- 3*07 

-329 

- 3*67 

0*38 j 

0 * 4(5 

3*50 

352 

i 

, 

l - 3*30 
f ' — 4-12 

1 - 4*10 

- 4-21 

- 5-07 

- 5-04 

- 3*40 

-4*22 j 

-3-51 

-302 

041 

0-50 

3*25 

346 

-< 

- 4*03 

— 4*07 

— .V 00 
- 5-02 

- 4*07 

- 5*03 

- 4-18 

- 4*71 

053 

0*62 

3*20 

3-26 

_ 

__ 4*04 

- 5-01 






1 




Series II. 








Difference. 

Mean pressure. 

A. 

C. 

Mean of A. 

Mean of C. 

i A corrected 

(J corrected 



I 


(icc). 

(water). 

Observed. 

Calculated. 

Observed. 

Calculated. 

0 

4 - 3*09 

o 



o 


o 

millims. 

millims. 

- 3*34 



-351 

- 4*14 

0*63 

0*55 

— - 

— 

/ - 3*52 

4 - 2-05 









1 -332 

4-315 

— 3*42 

4 - 3*05 

- 3*59 

- 4*18 

0*59 

0 - 5(5 

3*62 

340 

— 2'80 

4 - 3*84 


. , 

— 2 '97 

- 3*39 

0*42 

0*43 

3*77 

3*60 

f - 2-26 

4 - 4*40 









) - 2-14 

4 - 4*51 

— 2*20 

4 - 4*45 

-237 

-278 

0*41 

035 

3*95 

3*76 

f -170 

4 - 4-90 









1 -170 

4 - 5*05 

-174 

4 - 5*00 

- 1*91 

- 2*23 

0*32 

0-27 

4-17 

3-92 

- M2 

4 - 5*67 

. , 


— 1*29 

- 1*56 

0*27 

0 - 2O 

4*17 

4*12 

[ - 0*82 

+ 6*15 








i 

1 - 0*83 

4 - 6-15 

- 0*83 

4 - 6*15 

-100 

- 1*08 

0*08 

0*16 

4*30 

4*26 

J - 0*07 

4 - 6*95 









1 - 0*05 

4 - 6*98 

- 0*06 

+ 6*96 

- 0*23 

- 0*27 

0*04 

0*04 

— 



- 0*03 

4 - 7*00 

. , 


- 0*20 

- 0*23 

0*03 

0*03 

— 

— 

- 0*00 

4 - 7*05 


, . 

- 0*17 

- O' 18 

0*01 

0*02 




4 - 0*02 

+ 7*08 

. # 

, # 

- 0*15 

- 0*15 

0*00 

0*02 

— 



4 - 0*05 

-f 7*10 

, . 

, , 

- 0*12 

—013 

0*01 

0*01 

— 



4 - 0*10 

4 - 7*15 

, , 

, , 

- 0*07 

- 0*08 

0*01 

0*01 

_ 


4 - 0*13 

4 - 7*20 



— 0*04 

- 0*03 

- 0*01 

0*01 

— . 



4 - 0*17 

4 - 7*25 

, . 

, , 

0*00 

4 - 0*02 

- 0*02 

0*00 

— 

— 

4 - 0*17 

4 - 7*30 

, , 

, , 

0*00 

4 - 0*07 

- 0*07 

0*00 

— 



4 - 0*17 

4 - 7*35 

• * 

• • 

O'OO 

4 - 0*12 

- 0*12 

0*00 

— 

— 


34. As the differences between the vapour-pressures of ice and of water given 
in the previous tables are generally greater than those calculated by Professor 
Jas. Thomson from Regnault’s empirical formulae, we proceeded to calculate the 
theoretical curve by the method given by Professor Thomson, which may be expressed 
by the formula 
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vapour-pressure of ice at ( t — 1 ) = V t — (P'< — P',_ 



/ 


where P = vapour-pressure of ice. 

P' = „ „ water. 

H v =heat of vaporization of water. 
H F = „ fusion of ice. 

1 = temperature of ice. 


The formula devised by Regnault for vapour-pressures of water between 0° and 
100°, was held to apply to temperatures as low as —15°. Even if this is not strictly 
correct, the alteration in the differences betweon the vapour-pressures of water and 
ice would be inappreciable. 

35. In calculating the results the following data were employed : — 

(I.) Pleat of vaporization of water at 0° =(50G , 5 calories (Regnault). (F[ v .) 
„ „ -0°-5 = 60G-85 

„ „ „ — 1 0- 5 = 607'55 

and so on, increasing by 0’7 calorie for each degree. 

(II.) Heat of fusion of ice at 0° = 79-15 calorics (Reonault). (IP.) 

„ -0°-5 = 78'90 


„ „ „ -l°-5 = 78‘40 

and so on, decreasing by O' 5 calorie for each degree. 

(III.) Specific heat of ice, 0'5 calorie (mean of various experiments). 
(IV.) Ratio of difference of pressures for 1° of vapours of ice and water. 
The ratio between 0° and — 1° was calculated thus : 


006-85 + 78-90 
600-85 1 

Between —1° and —2° 

607-55 + 7840 

007-55 —1 

and so on. 

(V.) Vapour-pressures of water from Regnadlt’s empirical formula 
log e=«+6.a' — c./3', between 0° and —16°. 


(It is noteworthy that the curve representing results calculated by Magnus from 
his own observations for temperatures below 0° runs parallel to that here given, with 
a difference varying between 0'075 and 0 081 millions.) 


3 i' 2 
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Temperature. 

Ptesmue. 

Temperature. 

Pressure. 

0 

m Ilium 


miUium 

0 

4-ooo 

- 9 

2 365 

-i 

4281 

-10 

2190 

— 2 

3-983 

— 11 

2027 

-3 

3703 

— 12 

1875 

— 4 

3-441 

— 13 

1-734 

-5 

3-190 

-14 

1*602 

— 6 

2-966 

-15 

1-480 

-7 

2752 

-16 

136(3 

— 8 

2 652 




36. The vapour- pressures of ice and water may be taken as equal at 0°. The 
vapour-pressure of ice at — 1° is calculated as follows : — 

(1.) Difference between vapour-pressure of water at 0° and at —1°, =4’600— 4 '281 
= 0*319 mi Him. 

(2.) This difference, multiplied by the ratio between 0° and —1°, =0 , 319 X 1*130 
= 0*361 millim. 

(3.) Vapour- pressure of ice at 0°— difference of pressures between 0°and —1°, =4'600 
— 0-361 = 4-239 millim. 

In this manner the theoretical vapour-pressures of ice from 0° to —16° were 
calculated. 

37. In the table below, under column A, are given the theoretical vapour-pressures 
of ice, calculated as above, and B gives results calculated by means of Regnault’s 
empirical formula E for temperatures between 0° and —32°. 


Temperature. 

Pressure. 

A. 

B. 


mil li um 

millmm 

0 

4600 

4000 

- i 

4-239 

4263 

— 2 

3-903 

3-941 

- 3 

3-687 

3*644 

- 4 

3*292 

3-368 

- 5 

3-016 

3*118 

- 6 

2-757 

2-876 

- 7 

2-516 

2-658 

- 8 

2-292 

2-455 

— 9 

2-082 

2-267 

-10 

1-886 

2-093 

-11 

1-704 

1-933 

-12 

1-534 

1-783 

-13 

1-376 

1-646 

-14 

1-229 

1-518 

-15 

1093 

1-400 

-16 

0-966 

1-290 
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38. We have previously mentioned that in order to test the accuracy of our new 
method of determining vapour pressures, a careful set of determinations was made of 
the vapour-pressures of ice and water. The slight differences between the results 
obtained and those given in Regnault’s tables were considered at the time to be due 
to experimental error, for they were so small as to appear insignificant. On comparing 
these results, however, with the curve calculated from theory, it was found that they 
much more nearly coincided with it, than with Regnault’s curve. As they afford a 
striking confirmation of the results already given, they are here appended. 


Temperature (corrected). 

Pressure (observed). 

Pressure calculated 
from theory. 

Pressure calculated 
from Keunault’h formula. 

o 

millims. 

millims. 

millimB. 

— 2 0 

37 

3*708 

3*75 

- 37 

3*2 

3*378 

3*45 

- 5*0 

2*85 

2*850 

2*90 

- 67 

2*55 

2*580 

2*72 

- 97 

1*95 

1*942 

2*13 

-111 

1 *05 

1*088 

1*90 

-13 3 

1*45 

1*330 

1*00 

- ir>-2 

1*25 

1*006 

1*38 

-15*9 

1*00 

0*980 

1*29 


39. Description of the curves (Plate 19). 

No. I. Acetic acid. Curves drawn to follow the experimental results. 

(a) Vapour-pressure of liquid acid. 

(b) „ „ solid acid. 

No. II. Water and ice. 

(a) Curve for water calculated by Renault’s formula for pressures between 
0° and 100°. 

(b) Theoretical curve for ice, calculated from (a). 

Our results for water are given as coinciding with (a), for it was assumed that 
the temperature of the thermometer surrounded by water was correct. 
This was done, for the object was to show differences of temperature 
at certain points in the curve, rather than the absolute relationship 
between temperature and pressure at any one point. 

No. III. («) Theoretical curve for ice. 

(b) Curve from Regnault’s tables. 

(c) Curve for water as in (II.). 

The crosses denote the observations given in § 38 ; the circles the observations 
for ice given in § 33. 

40. In the foregoing pages it has been proved : (l) that with camphor and benzene, 
the former in a barometer tube, and the second in the “ still," the curve representing 
vapour-pressure of liquid above the melting-point is discontinuous with that of the 
solid below the melting-point : (2) that acetic acid shows this difference in a very 
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marked manner ; and that, indeed, the curves representing vapour-pressure of solid 
and liquid below the melting-point are quite distinct : and (3) that, with water, as 
Professor Thomson predicted, this difference is calculable from the known heats of 
vaporisation and fusion. It is to bo regretted that similar data as regards acetic acid 
are not sufficiently complete or reliable to enable a similar calculation to be made. 


Addendum. 

A ncir method of determining vapour-press it res of solids and liquids. 

As this method has been fully described in this and in a previous paper (Phil. Trans., 
18S4, Part I., p. 37) it will not be necessary to enter into a detailed description of it. 
Our experience of the method has shown us that the results which it gives are more 
trustworthy, as well as more easily obtained than those which the older method 
yields ; hence it may be well to point out its advantages. 

1. There is no necessity to heat the whole apparatus to a known and uniform 
temperature. It is oidy necessary that the temperature of the bath should be kept 
30° to 40° higher than that registered by the thermometer. 

2. The temperature of the gauge and barometer are the same, and involve only a 
simple and small correction for the temperature of the column of mercury. The 
vapour-pressure of mercury is not introduced. 

3. The gauge and barometer stand in the same trough, which may be placed at a 
distance from the still, and hence they are not subject to change of temperature. 

4. The readings are more accurate, because the gauge and barometer need not be 
jacketed, and the scale may be placed immediately behind them. 

5. The very great difficulty of filling au experimental tube, so as to ensure absence 
of air and moisture, is avoided. 

G. In our apparatus, the temperature is dependent on the pressure, instead of the 
pressure being dependent on the temperature, and the pressure may easily be reduced 
or increased at will, and is of necessity constant throughout the whole apparatus. 

7. A very much larger number of observations may be taken in the same time, and 
the influence of the errors of experiment, themselves much smaller, is thereby 
greatly reduced. 

8. The labour involved in applying the corrections necessary when a barometer 
tube is used is avoided. 
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XIX. A record of Experiments on the Effects of Lesion of Different Regions of the 

Cerebral Ilem uspheres. 

By David Ferrier, M.D., LL.D., F.R.S., Professor of Forensic Medicine in King's 
College, and Gerald F. Yeo, M.D., F.R.C.S., Professor of Physiology in King’s 
College, London. 

Received January 19, — Read January 24, 1884. 


[Plates 20-36. J 
Prefatory Note. 

The facts recorded in this paper are partly the results of a research made conjointly 
by Drs. Ferrier and Yeo, aided by a grant from the British Medical Association, and 
partly of a research made by Dr. Ferrier alone, aided by a grant from the Royal 
Society. 

It has been considered convenient and advisable to publish the results together, 
more especially with the view of contrasting the different effects of lesions of different 
parts of the brain established under similar conditions. 

The conjoint experiments are distinguished by an asterisk. Of these alone joint 
authorship is to bo understood. A preliminary account of some of these has already 
been given by the authors: — at the meeting of the British Medical Association at 
Cambridge in 1880, and at the International Medical Congress in London in 1881. 
The experiments are here related in detail. 

The number of illustrations which accompany the paper is large, but this is con- 
sidered necessary, as the text is mainly a short description and simple comment on 
the effects of the lesions delineated. 

The illustrations have for the most part been executed by Dr. Ferrier, and consist 
of photographs taken, with few exceptions, direct from the brains after hardening in 
spirit or bichromate solution, and of sun-prints [direct from the sections used as 
negatives], and microphotographs of sections made by him. 

The authors here desii’e to express their grateful thanks to Mr. J. M. Thomson, 
Demonstrator of Chemistry in King’s College, for much assistance in photography, 
and to Messrs. Groves and Brooks, Demonstrators of Physiology in King’s College, 
and to their pupils Messrs. East, Le Maistre, Norvill, Porter, Turner, and others 
for valuable aid rendered in various ways and at different periods in the course of the 
investigations. 
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Introduction. 

The subjects of the following experiments were exclusively Monkeys, mostly species 
of Macacque. 

The animals were in all cases thoroughly narcotised with chloroform, and kept in a 
state of complete anaesthesia during the whole of the operative procedure. 

The lesions were made as a rule by means of the galvanic cautery. Occasionally 
the ordinary cautery was employed where the other was inconvenient. 

All the operations were carried out under antiseptic precautions. These and the 
modes of dressing the wounds have been described by the authors elsewhere and are 
not entered into here. 

SECTION I. 

Lesions of the Angular Gyri and Occipital Lores. 

Experiment 1* (Plate 20, fig. l). 

In this animal the left occipital lobe was exposed and entirely severed and removed 
in a line parallel with, and f^-ths of an inch posterior to, the parieto-occipital fissure. 
The left eye was bandaged, and the animal left to recover from its stupor. 

An hour after the operation it was able to sit up, but it was very prostrate, and 
unwilling to move. 

Next morning it was found to have torn off all the dressings, and the wound was 
discharging freely. The animal was however very lively and ate heartily. No affec- 
tion of vision could be made out. It thrust its hands through the bars of the cage to 
lay hold of things offered it, and it did so with its right hand to seize a piece of potato 
held to its right front. There seemed therefore to be no right homiopia. 

Some hours afterwards the animal was allowed to run about the laboratory, which it 
did in every direction, passing among chairs, tables, and other articles of furniture 
without ever once knocking its head on one side or the other. 

A slight degree of awkwardness was observed at this time in the movements of the 
right hind leg, which had not been observed before. 

Nothing else of importance was noted during the next two days except an increase 
in the weakness of the right leg. There were signs of inflammation and hernia cerebri, 
and the animal became comatose and died on the fifth day after the operation. 

Post-mortem examination — The edges of the incision of the scalp had not united, 
and at the posterior extremity a portion of reddish fungus cerebri was protruding. 
On removal of the scalp the opening in the left occipital region was found to be filled 
with a protruding fungus, and on removal of the dura mater the whole convexity of 
the left hemisphere was seen to be intensely congested, A less degree of vascularity 
also existed on the right side. 

There was some degree of congestion and oxudation also at the base. 
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The margin of the fungus cerebri of the left hemisphere, which bulged considerably 
above the level of the rest of the tissue, corresponded very closely with the position of 
the parieto-occipital fissure, the posterior limb of the angular gyrus merging gradually 
into it (see Plate 20, fig. 1). 

The posterior angle of the postero-parietal lobule formed part of the fungus. 

Remarks. — This, the first of the series, was an unsuccessful experiment as regards 
antiseptics, owing to the dressings not having been fixed in such a manner as to 
prevent their being tom off by the animal. Owing to this, though the dressings were 
re-applied, and the wound was treated on the most approved surgical principles, 
meningo-encephalitis and death occurred. 

The case however shows that, notwithstanding the almost entire removal of one 
occipital lobe, vision was not appreciably affected ; inasmuch as the animal was able to 
run about and avoid all obstacles on either side, and also to pick up things on either 
side, and with either hand : actions which would not be consistent with the existence 
of hemiopia on one side or the other. 

The weakness of the right leg can be accounted for by the implication of the cortex 
and medullary fibres of the postero-parietal lobule in the inflammatory softening of the 
fungus cerebri. 

Experiment 2* (Plate 20, figs. 2 and 3). 

In this animal — a small Baboon — both occipital lobes were exposed by a trephine 
opening in each occipital region | inch in diameter. With the galvanic cautery a 
deep incision was made in each occipital lobe at right angles to the longitudinal axis, 
the cortex and medullary fibres being broken up and disorganised so far as the 
trephine openings permitted, to the depth of an inch or more so far as could be 
judged. 

Within an hour the animal was able to run about the laboratory, and being near 
some hot pipes, it stretched out its hands, seized the top pipe, and climbed up. 

Within two hours it was quite lively and active, responded when whistled to, and 
took things offered it without hesitation. 

Two hours and a quarter after the operation the animal, which had been sitting 
on a ledge — to which it had climbed — eating a potato, jumped down after finishing it, 
and took possession of another piece which had been laid on the table some time 
previously. 

There was therefore no question as to the animal’s vision. 

Next day the animal was in all respects normal, active and vivacious, curious as to 
all within its reach, and very expert in catching flies buzzing about. It showed signs 
of liking the smell of bergamot, made grimaces over aoetic acid, and spat out a piece 
of potato which had been smeared with aloes. Motor powers and tactile sensibility 
were unimpaired. 

This animal continued in perfect health, and was noted for its fun and tricks, and 
domineering over all its companions. 

MDCCCLX XXIV. 3 Q 
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Six months after the operation on the occipital lobes, the prefrontal regions were 
similarly exposed and broken up with the galvanic cautery — the lesions being made, 
so far as could be determined, in the region of the middle frontal convolution anterior 
to the antero-parictal or pre-central sulcus. 

In less than an hour the animal began to move about, though in a somewhat 
sleepy and listless manner. 

An hour and a half after the operation it was able to walk about quite well, and 
took a piece of apple offered it. Left to itself it shut its eyes and seemed asleep, but 
if called to it opened its eyes momentarily, but subsided again. 

An hour subsequently it still maintained the same dull and listless attitude, though 
when called to it would brighten up for a moment. It jumped down eagerly to seize 
a piece of apple thrown into its cage, but having got it, remounted its perch and went 
to sleep holding the apple in its hand. 

Next day the condition was much the same. The animal would wander about 
vacantly, or occupy itself picking among the rubbish in its cage. 

Watched from day to day, it exhibited no defect as regards any of its movements, 
ocular or otherwise, or as regards any of its sensory faculties, which were tested in 
Various ways. Only its manner seemed changed, and this was noted by all who had 
seen its former vivacity. It lost all its fun and trickiness, seemed not to know 
its name, took little or no interest in its companions, and was very easily cowed by 
them. Its physical health was excellent, and it enjoyed its food heartily. Psychically 
only it had undergone appreciable change and degradation. 

In this condition it continued for the next three months, when it was killed with 
chloroform. 

Post-mortem examination . — The brain was everywhere normal, except in the pre- 
frontal and occipital regions corresponding to the openings in the cranium above 
described. These were covered by membrane continuous with the dura mater and 
adherent to the brain beneath. 

The occipital lobes were each the seat of a depression and loss of substance, the 
cicatrices of the destructive lesions inflicted on them (see Plate 20, fig. 2). These 
were almost symmetrical and occupied the convexity of each occipital lobe about a 
centimetre in extent and depth, parallel, and £ inch posterior to the parieto-occipital 
fissure. 

In each prefrontal lobe there was a more or less circular cicatiix, somewhat larger 
on the right than left, and measuring '5 — - 75 centimetre in diameter, the centre of 
which appeared to correspond with the middle of the middle frontal convolution. 
But there was an evident distortion of the convolutions which seemed to be caused 
by a contraction towards the centre of the cicatrices, and this to such an extent as to 
tilt the orbital surface upwards and forwards. This condition is seen in the photo- 
graph, where the slight shadow indicates the orbital aspect of the frontal lobes. The 
cicatrices, which sunk to a depth of half a centimetre or more (Plate 20, fig. 2), measured 
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half a centimetre in diameter — more on the right than left — instead of three-quarters 
of an inch, the original extent of the lesion. The greater portion of the middle and 
inferior frontal convolutions had been destroyed. 

The caudate nuclei were uninjured, as also the rest of the brain. 

Remarks . — This case shows that lesions may be made simultaneously in both 
occipital lobes without any perceptible impairment of vision, or other defect. Not- 
withstanding the subsequent considerable destruction of the cortex in both prefrontal 
regions, there was no perceptible physiological defect either as regards motion or 
sensation, general or special. 

Further observations on the effects of lesions of the prefrontal regions will be 
found detailed in Section IV. In this case a psychological alteration was very 
evident but difficult to define, shown more particularly in listless apathy, contrasting 
strongly with the previous vivacity and active curiosity which characterised the 
animal. 

Experiment 3* (Plate 20, fig. 4). 

In this case the right angular gyrus was exposed, and the cortical matter of the 
convexity of both limbs was destroyed by the galvanic cautery. 

After the narcotic stupor had passed off, the eyes were observed to be both widely 
open, the pupils small and equal, and the conjunctival reflex equally distinct on both 
sides. 

Both eyes were left open and the animal left to itself. For an hour it seemed quite 
disinclined for exertion, but at the end of this time began to move about, occasionally 
replying to grunts from its companions. 

A quarter of an hour afterwards it put out its hand to take a piece of apple offered 
it, but seemed to be uncertain as to the exact position and distance. 

An hour after this the right eye was bandagod. The animal seemed then very 
unwilling to move, and when it did, knocked its head on several occasions against 
some obstacle, and sat down. When placed in its cage it would do nothing but lie 
down. After this had been observed for a quarter of an hour the bandage was 
removed from the right eye, whereupon the animal began to look about, and though 
it would not run about the laboratory very freely, when placed in its cage it at once 
jumped on to a hot-water pipe which ran along the back of its cage and remained 
there. 

Next day the animal seemed perfectly well, and took things offered it with the 
utmost precision. 

The right eye was then bandaged, but though the animal seemed to dislike the 
bandage, and would not run about spontaneously, it did so when urged, and showed 
no signs of impairment of vision, passing obstacles on every side without hesitation or 
knocking its head. It was able also to lay hold of things offered it on either side. 

Similar observations were made on the following day, and with precisely the same 
results. 
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On the next day the left eye was bandaged, but there was no sign of impairment 
of vision in the right eye. 

The animal died eighteen days after the operation, the weather being intensely cold, 
and the temperature of the laboratory having sunk very low, from defect in the heating 
arrangements at the time. 

Post-mortem examination . — The scalp wound was healed, and there were no signs 
of hernia cerebri or inflammation. 

The brain was injured by the saw during removal, as seen in the photograph 
(Plate 20, fig. 4). 

The brain was everywhere normal except in the region of the right angular gyrus. 
This, as seen in the photograph, had the cortical substance eroded and disorganised 
over the convex aspect of both limbs. The depth of the lesion was comparatively 
slight, and the grey matter of the sulci separating the angular gyrus from the adjoining 
convolutions was not injured. A thin strip of uninjured cortical substance formed the 
posterior boundary of the intraparietal sulcus. 

Remarks . — In this case of unilateral lesion, not amounting to entire destruction of 
the angular gyrus, there was a temporary impairment of vision, after the animal had 
otherwise entirely recovered its other faculties and powers. 

At first, when both eyes were open, the defect was shown in inability to realise the 
exact position of objects. But when the right eye was closed, it was seen that vision 
was specially defective, if not for a time entirely abolished, on the side opposite the 
lesion. 

Next day no defect could be ascertained, either amblyopic or hemiopic, and the 
animal was in all respects apparently perfectly normal. 

Experiment 4 4t (Plate 20, figs. 5 and 6). 

In this animal the left angular gyrus was exposed and cauterised on the convexity 
so as to destroy the grey matter of the two limbs of this convolution. By the time 
the dressings were applied the animal was awake, keeping both eyes open, and looking 
about. The left eye was then securely closed, and the animal left to itself. After a 
few minutes it got up and began to sprawl about in its cage, knocking its head in 
every direction. 

Being let out it walked straight on and came full tilt with its snout against the 
door. Then it turned away and walked in various directions, each time being brought 
to a standstill by knocking its head full against some obstacle. This condition of total 
blindness continued only half an hour. After this it began to give evidence of 
returning vision, at first imperfect, shown by attempting to seize and climb on to a 
hot pipe before it could reach it. But within two hours vision was acute enough to 
enable it to pick up a piece of apple lying to its right side ; and it was able to run 
about the laboratory with a companion, avoiding obstacles on either side, passing them 
quite closely and never running against them. There was no sign of hemiopia. 
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After further observation for half an hour the animal was adjudged to have fair if 
not perfect vision with its right eye, and the left was then unclosed, and the animal 
returned to its cage. „ 

Next day it was in all respects quite well, and no defect, sensory or motor, could be 
made out. 

Three weeks afterwards the right angular gyrus was similarly exposed and 
cauterised. During the surgical dressing the animal was awake, with both eyes open, 
the pupils large and contractile, and the conjunctival reflex equally distinct in both 
eyes. 

When the animal was allowed free it began almost immediately to run about all 
over the laboratory, avoiding obstacles, and apparently with vision unimpaired, at 
least as regards the power of direction of all its movements. 

After it had run about thus for a time its left eye was then bandaged. On this the 
animal struggled to get rid of it, and in doing so while it ran knocked its head against 
obstacles. It made no sign of perception of threatening gestures, and after observation 
for some time it was adjudged either blind, or to have greatly-impaired vision in the 
right eye. 

Next the right eye was bandaged, the left being freed, whereupon the animal ran 
away, clearing obstacles everywhere, and running away if threatening gestures were 
made. 

Next day the same experiments were repeated on the right and left eye respectively, 
but the animal indicated by its movements and its power to pick up articles of food, 
&c., that it had equally good vision in either eye. No defect, hemiopic or otherwise, 
could be made out. 

The animal continued in perfect health for seven weeks, when the openings in the 
skull wero again exposed, and seen to be covered with membrane, continuous with the 
dura mater and flush with the rest, there being no hernia cerebri. 

The posterior margins were incised, and the anterior margins of both occipital lobes 
exposed for about f-ths of an inch behind the cortical lesions previously made. These 
portions of the occipital lobes were cauterised up to the previous lesions. 

During the dressing of the wounds the animal recovered from its narcotic stupor, 
opening both eyes widely. 

The animal was wrapped in a blanket and laid beside the hot- water pipes to recover, 
but having been left for ten minutes it was found free from its blanket and mounted 
on a pipe, and on being approached made grimaces, jumped down, and after a run 
round the laboratory ran into the partially-open door of its own cage, and sprang up 
on its usual perch. All this happened within a quarter of an hour of the operation. 

Not a single symptom could be detected. Its sight seemed unimpaired, hearing 
acute, other sensory faculties and motor powers unaffected. 

The animal continued in good health, and to all appearance normal, until it was 
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killed with chloroform four months after the hist operation, and over six months from 
the date of the first. 

Post-mortem examination . — The brain was everywhere normal, except in the regions 
where, as above described, the lesions had been made. Over these the dura mater was 
adherent, but elsewhere it was separable, and there were no indications of diffused 
inflammation. 

In the right hemisphere (Plate 20, fig. 5) the angular gyrus was obliterated except 
as regards a thin strip of cortical matter bounding the intraparietal sulcus, and at the 
upper extremity of the arch formed by the two limbs. The lesion extended posteriorly 
across the line of the parieto-occipital sulcus, undermining the anterior extremity of 
the occipital lobe. The edge of the uninjured cortex of this lobe was 4-5 turns, 
from the anterior extremity of the first occipital fissure. 

The superior extremities of the first and second temporo-sphenoidal convolutions 
merged gradually into the lesion. 

Horizontal sections through the lesions showed that the cortical matter of the 
convex aspect of both limbs of the angular gyrus had been completely removed, but 
that of the sulci separating them from the adjacent convolutions was intact. The 
grey matter at the bottom of the parieto-occipital sulcus, which is here folded deeply 
inwards, was also intact. That of the superficial aspect of the margins of this sulcus 
was destroyed. 

In the left hemisphere the amount of destruction of the grey matter was almost 
exactly the same as in the right ; but the limbs of the angular gyrus were more com- 
pletely obliterated, and the lesion extended somewhat farther back into the convex 
aspect of the occipital lobe. 

The grey matter at the bottom of the sulci was not injured. 

Remarks . — This case is interesting both in its surgical aspects, showing how little 
effect even repeated operations on the brain may have on the well-being of the animal, 
and also from a physiological standpoint. 

There was for a short time after the animal was otherwise in full possession of all 
its faculties and powers, complete blindness in the eye opposite the injui’ed angular 
gyrus. This gave way to such restoration of vision within two hours as to enable the 
animal to direct its actions without any appreciable deficiency. There was no hemiopia 
either immediately after the lesion or subsequently. 

The effects of destruction of the other angular gyrus, which however was less 
extensive than that of the first, was somewhat unexpected, as being unlike the usual 
results following injury to the one angular gyrus when the other is intact. 

At a time when any affection of the left eye was imperceptible, there was evident 
impairment of vision of an amblyopic not hemiopic character in the right eye, i.e., the 
same side as the second lesion. 

It would thus seem that the angular gyrus is in relation to both eyes, and that 
though usually the cross effect is the only pronounced one, yet the direct one may be 
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more evident when the other angular gyrus haB been more extensively destroyed some 
time previously. (See Experiment 5*.) The absolutely negative character of the 
subsequent extension of the lesions into the anterior parts of the occipital lobes was 
also a remarkable fact in this case. 

Experiment 5* (Plate 20, fig. 7). 

In this animal the left angular gyrus was exposed in the usual manner, and caute- 
rised with the galvanic cautery. 

The left eye was secured, and the animal allowed to recover from stupor. 

At the end of half an hour it was evidently wide awake but would not move unless 
touched. At this time it was removed from its cage and placed on the floor, where- 
upon it began to grope about in a sprawling manner, knocking its head against every 
obstacle in its path. After some minutes of this behaviour it subsided and refused to 
move. It made no sign of fear at threatening gestures, and did not wink at a thrust 
of the finger at its erp, until the finger almost quite touched the conjunctiva, when 
the usual reflex closure occurred. 

Half an ho\ir later the same tests were employed with precisely the same indications 
of total loss of vision. 

At the end of still another half hour, while it was lying quietly in its cage, it was 
gently laid hold of without noise to attract its attention, whereupon it bounded away 
with an expression of fear or surprise, and ran full tilt against the leg of a table where 
it remained groping and sprawling for a few moments. It then again started oft', and 
this time ran against the wall, against which it sprawled helplessly. Similar things 
were repeated. 

It gave no sign of pei'ception when it was cautiously approached without noise, but 
when a slight noise was made with the lips quite close to it, it darted off and came 
against the wall as before, where it lay down. 

Half an hour Later, while it was resting quietly in a corner with its eye open, the light 
of a lantern was flashed in its eye, but it gave no sign. Creeping up to it cautiously 
without exciting its attention the observer made a slight whisper close to its face, 
whereupon it peered eagerly, but evidently remembering the results of running away, 
it crouched down and would not move. 

Half an hour later, when it was quiet in its cage, it started suddenly on being 
touched and ran its head into a corner, where it crouched. 

Next day, its left eye being still closed, it showed unmistakably the possession of 
vision with the right eye. It laid hold of things as usual, and ran about the labora- 
tory in every direction, passing obstacles to the right and left with perfect precision, 
and ducking its head to pass underneath bars as it ran along the top of the hot-water 
pipes of the laboratory. 

No defect of vision, amblyopic or hemiopic, could be detected. The animal was in 
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perfect health and in every respect normal, and continued so for three weeks, when 
the right angular gyrus was similarly exposed and cauterised on the surface, close up 
to the parieto-occipital fissure. 

During the dressing of the wound the eyes were open, pupils equal medium she, 
and the conjunctival reflex distinct. 

The animal was wrapped in a blanket and laid in a warm place. 

Within a quarter of an hour it got up, shook off the blanket, and on being touched 
gave a screech and made off, knocking his head twice, till it was brought up in a 
comer of the room, where it remained at rest. 

Similar results were obtained on repeated tests continued for an hour and a quartor. 
When urged to move it constantly knocked its head as it ran, or was brought to a 
dead stand against a wall. It was extremely on the alert, and made grimaces 
if approached without caution against sound ; but it paid no attention to threats, &c., 
made at a little distance quietly and without noise. 

Two hours after the operation the animal began to show signs of returning vision. 
It shrunk when the light of a lantern was flashed in its eyes at some distance. It was 
also able when near the hot pipes to climb on to them as usual. Whether it saw very 
clearly could not be made out, but it was able to guide its movements without 
vacillation or uncertainty. 

Next day the animal was in every respect well, eating heartily, and running about 
actively, and showing full possession of sight to every test that could be devised. 

Six weeks subsequently the lesion of the left hemisphere was extended anteriorly 
into the ascending parietal convolution, the grey matter of which was seared with the 
cautery superficially. 

In a quarter of an hour after the operation the animal got up and walked to the 
other side of the laboratory where its companions were, and tried to get among them 
in their cage. It walked lame and stumbled frequently, owing to an evident weak- 
ness and tendency to give way of the right arm and hand. It was observed to try and 
pick up a crust of bread with its right hand, but though it thrust its arm forwards it 
could not grasp the object. On attempting to climb up the bars of the cage it fell 
down when it tried to grip with its right hand. 

An hour subsequently the animal was very active. It was observed in climbing to 
trust its weight almost entirely to its left hand and foot. The right hand had not 
entirely lost the power of closure, but the grip was very weak as compared with the 
left, and was easily overcome ; and frequently the animal dropped what it tried 
to hold in its right hand. 

Two days subsequently the weakness of the right hand was still very evident, and 
it was also noted that the right foot was not moved so well as the left, being lifted 
en masse, without the dorsal flexion of the foot and spreading of the toes seen on the 
left side. In climbing, the grip of the right hand and foot was very feeble, the weight 
being trusted almost entirely to the left, which clung firmly on the bars. 
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Slight pinching of its fingers and toes on the I'ight excited precisely the same 
indications of attention and uneasiness as on the left. 

Five days after the last observations the same condition was seen. Experiments 
were made, consisting in suspending the animal by the hand or foot. When this was 
done with the left hand or foot, the animal speedily got its mouth up conveniently to 
give a bite, but quite failed to grip and pull its body up to do the same, when 
suspended by the right. But on one occasion, when held by the right hand, and 
failing to raise its head to bite, it skilfully laid hold of its right firm with the left, 
pulled its body up, and so nearly effected its purpose. 

Walking was with the same limp as before. 

At the end of four months the weakness of grip of the right hand and foot was 
still distinctly perceptible. 

Seven months after the operation the animal seemed somewhat paraplegic. The 
cause of this was doubtful, but it was probably the result of a heavy tray having 
fallen on its back some time before. 

An examination of the right hand indicated some degree of rigidity of the flexors, 
aud forcible passive extension of the wrist and fingers seemed to cause uneasiness and 
spasm of the muscles of the upper arm and shoulder. 

The animal was found dead one morning by the laboratory attendant, exactly ten 
months after the first operation. 

Post-mortem examination . — The brain was somewhat soft, not having been removed 
for many hours after death, and was injured slightly during removal and separation 
of the membranes adherent over the seat of lesion. 

On the right hemisphere the angular gyrus had its limbs and sulci almost 
obliterated, but the grey matter at the bottom of the sulci was intact. The surface 
of the occipital lobe was somewhat ragged and soft for some distance behind the 
parieto- occipital fissure, the results of post-mortem injury. 

The upper extremity of the arch formed by the two limbs of the angular gyrus 
was still more or less distinct. 

On the left hemisphere the grey matter of the angular gyrus was also similarly 
destroyed superficially, as well as the greater portion of the convexity of the ascending 
parietal convolution, and a considerable portion of the postero-parietal lobule. But 
the grey matter of the intra-parietal sulcus was intact, as well as that of the parieto- 
occipital sulcus. 

There was also superficial erosion over a considerable portion of the occipital lobe, 
posterior to the parieto -occipital sulcus, due to post-mortem injury, in removing the 
brain and separating the adherent membranes. 

Remarks . — This case shows the occurrence of total loss of vision, for several hours 
during which observation was maintained, in the eye opposite extensive destruction of 
the cortex of the angular gyrus. Next day this had disappeared. On subsequent 
similar destruction of the other angular gyrus, sight was evidently abolished com- 
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pletely for two hours in both eyes. But restoration of vision occurred to such art 
extent after this, that no perceptible deficiency could be detected, so far as could be 
ascertained by any tests applicable to the lower animals. Whether vision was perfect 
in such a degree, central and peripheral, as might be ascertained by accurate peri- 
metric tests in a human being, did not admit of determination. 

There was no further impairment of vision when the lesion of the left hemisphere 
wiis extended forwards into the ascending parietal convolution, but there was a 
marked deficiency as regards the motor power of the right hand and foot, which 
continued till the animal’s death many months subsequently. The defect did not 
amount to actual paralysis, but only to paresis, a condition which can be readily 
accounted for by only particil destruction of the centres concerned in the movements 
in question. (See further, Section III., p. 510). 

In the next experiment on the angular gyrus it was considered advisable at the 
same time to divide the corpus callosum, or part of it, with a view to determine 
whether such a lesion would have any influence on the otherwise speedy compensation 
of unilateral lesion of this gyrus. Previous to this an experiment had. been made in 
order to determine the effects, if any, of division of the corpus callosum alone. The 
particulars of this experiment are as follows. 

Experiment G* (Plate 20, fig. 8). 

Two trephine openings were made over the anterior and posterior extremities of 
the corpus callosum, and the two openings joined by an incision with a Hey’s saw 
close to the middle line. The longitudinal sinus was exposed, and the dura mater 
divided along the left margin, so as to allow access to the longitudinal fissure. A 
small aneurism needle, bent at an obtuse angle, was then passed between the 
hemispheres, and the corpus callosum scratched through, so far as could be judged by 
tactus eruditus. There was some haemorrhage welling up between the hemispheres, 
but not to any extent, and ceasing speedily. 

The animal was rather weakly before the operation, and remained prostrate for 
some time. It was not observed for more than an hour, and nothing definite was 
made out. 

Next day it was still rather languid, but it was able to move about, though the 
right arm and leg were somewhat weak. 

Sight was evidently good, and hearing acute. Tactile sensibility was unimpaired, 
judging fi’om the manner in which it attended to and resented cutaneous irritation. 
Smell was evidently also retained, as it seemed fond of the smell of bergamot held 
under its nose. 

Except for the weakness of the right arm and leg, the cause of which is explained 
below, the animal, though feeble, was otherwise in full possession of all its senses and 
motor powers. 
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The animal died two days after the operation, apparently from general prostration. 

Post-mortem examination . — On examination of the wound there was no sign of 
repair, the edges being ununited. The hemispheres were slightly glued together in 
the longitudinal fissure, evidently by haemorrhagic effusion, and this was particularly 
in the meshes of the pia mater along the inner aspect of the ascending fi-ontal and 
parietal convolutions. The cortex here was somewhat softened, evidently caused by 
the operation. 

On separating the hemispheres it was seen that the corpus callosum had been 
completely divided, from within a quarter of an inch from the anterior extremity or 
genu, to the posterior extremity or splenium, where only a few transverse fibres over 
the corpora quadrigemina remained undivided. There was no effusion into the 
interior of the ventricles, and the brain, except at the region above mentioned, was 
otherwise perfectly normal. 

Remarks . — The weakness of the right arm and leg in this case is readily accounted 
for by the partial lesion of the cortex of the upper and inner aspects of the ascending 
convolutions. Otherwise the operation of division of the corpus callosum is seen to be 
entirely negative as regards sensory or motor powers. 

Experiment 7* (Plate 20, figs. 9, 10, 11). 

In this animal the left angular gyrus was exposed and cauterised up to the parieto- 
occipital fissure, and an aneurism needle was inserted between the hemispheres, and 
the corpus callosum torn through to a considerable extent. 

The left eye was securely closed, and the animal allowed to recover from its narcotic 
stupor. 

In half an hour it began to move about spontaneously, though rather unsteadily. 

An hour and a quarter after the operation it walked about the laboratory, knocking 
its head against legs of chairs and other obstacles in its path. 

When a piece of apple was held under its nose, it grabbed it and ate. It continued 
to walk about here and there, every now and then coming to a dead halt full tilt 
against a wall. 

Three hours after the operation it again, in running through the laboratory, came 
full tilt with its snout against a wall, where it rested. While it was resting quietly 
we crept up to it, but the animal, though with eyes wide open and looking towards us, 
made no sign of perception. Threatening grimaces likewise were without effect, but 
on making a noise with our lips the animal seemed alarmed, peered forwards, and yet, 
though it came quite close to our faces, seemed to see nothing. It was tried to right 
and left in the same way, but there was no sign of vision to one side or the other. 

Next day, the left eye being still closed, the animal ran about in every direction, 
ducking under bars, passing objects to right and left with the utmost precision, and 
never once knocking against anything on one side or the other. Not the slightest 
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impairment of vision could be detected, and it was able to pick up the minutest 
objects lying about in its cage or thrown down near it. 

The animal was a very agile jumper, and would take a flying leap over one’s 
shoulder when an attempt was made to lay hold of it. 

Five weeks after the above operation the right angular gyrus was exposed and 
similarly cauterised. 

During the dressing of the wound the animal had recovered from its stupor. The eyes 
were both open, the pupils small, and the conjunctival reaction distinct on both sides. 

When freed the animal almost immediately began to run about, knocking its head 
against various obstacles. This, however, continued only for a few minutes, and 
within half an hour it was able to stoop under the cross bar of a table which came in 
its way, and on coming to its cage thrust its hand between the bars. At this time 
both eyes were left open. The right eye was now securely closed. Vision still 
continued, however, with the left eye to some extent, but indistinct, as it tried 
to lay hold of things before they were within reach. 

For an hour numerous and careful observations were made as to whether vision was 
impaired to one side more than the other, but this was clearly not the case, for the 
animal very speedily showed that it could see to both sides by picking up currants 
scattered on the floor to either side and with either hand indifferently. 

The recovery was most rapid, and an hour after the operation it was not possible 
to detect any deficiency in the animal’s powers of vision, or otherwise. 

It continued in every respect perfectly well until its death by chloroform four 
months after the last operation. 

Post-mortem examination . — The surface of the brain was everywhere normal except 
in the region of the angular gyri, where the membrane, continuous with the dura mater 
stretching across the orifices in the skull, was adherent. On removal of this it was 
seen that the left angular gyrus was obliterated, its place being indicated by a depres- 
sion caused by the destruction of the cortex. At the bottom of the sulci separating 
the limbs of the angular gyrus from the ascending parietal convolution, the superior 
temporo-sphenoidal convolution, and occipital lobe, the grey matter was, however, 
uninjured. The lesion shelved gradually into the anterior boundary of the occipital 
lobe (fig. 11). 

On the right hemisphere the lesion of the angular gyrus was less complete 
and more superficial. A thin strip of uninjured cortex bounded the intra-parietal 
sulcus, and the upper extremity of the arch formed by the two limbs of the gyrus 
was also visible. The convex aspect of the limbs of the angular gyrus had been 
removed, but the folding of the grey matter in the bounding sulci was still very 
apparent and uninjured. The convex aspect of the upper extremity of the superior 
temporo-sphenoidal convolution was also involved in the lesion, a considerable portion 
of this having been also destroyed. The lesion sloped, gradually iuto the anterior 
boundary of the occipital lobe (fig. 10). 
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Oil separating the hemispheres, which were slightly adherent on their median aspect 
along the longitudinal fissure, a cicatrix nearly an inch long was seen in the corpus 
callosum, somewhat nearer the left hemisphere than the right (fig. 9). 

The cicatrix was deepest posteriorly, and reached within a few millimetres of the 
posterior boundary. Tho exact depth of the original incision which had thus become 
cicatrised was difficult to determine. 

(The photographs were taken by Mr. J. M. Thomson.) 

Remarks . — This case shows that division or injury of the corpus callosum does not 
appreciably affect the rapidity of compensation of the primary results of lesion of the 
angular gyrus. 

The total blindness of the eye opposite the more extensive destruction of the angular 
gyrus, viz. the left, was very manifest ; but the subsequent less extensive lesion of the 
other angular gyrus produced only very transient effects, which might have escaped 
observation unless tested for soon after the operation. But here, as in many other 
cases, the facts related show that at a period when all other faculties and powers 
were unimpaired, vision was distinctly defective. The period of reliable observation is 
not to be determined by the mere length of time that has elapsed since the operation, 
for the rapidity of recovery is very variable, but by the indications that the animal is 
on the alert, and otherwise in full possession of its other powers. In this case the 
second operation seemed to have caused so little general prostration that the animal 
was able to run about almost immediately as if nothing had happened to it. 

Experiment 8* (Plate 21, figs. 12, 13, 14). 

In this case both angular gi/ri were exposed at the same operation and destroyed as 
completely and accurately as possible by means of the galvanic cautery. 

The animal remained apparently sound asleep for nearly two hours. At this time 
it began to sit up and move about a little in a very cautious and shaky manner. Both 
eyes were opened widely, the pupils were large and equal, and the conjunctival reflex 
was very distinct in both eyes. 

It turned its head sharply to sounds, but made no sign of perception -when a light 
was thrust or flashed close to its eyes, or when threatened in various ways. 

Three hours and a half after the operation when urged to move it knocked its head 
against every obstacle in its path. Its motor powers were unimpaired, hearing acute, 
and tactile sensibility evidently fully retained, as it shook off flies when they settled 
auywhere on its body. 

Next day, twenty-four hours after the operation, the eyelids were somewhat 
oedematous, interfering with the full-opening of the right eye especially. The left 
was sufficiently open for distinct vision. 

The animal was very unwilling to move, and when urged to do so knocked its head 
against every obstacle, and occasionally sprawled with its hands in the air as if to 
lay hold of something. 
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On the following day the oedema of the eyelids had entirely disappeared, and both 
eyes wei*e freely and widely open. Still reluctant to move. When urged to do so, 
merely turned round or groped and sprawled about. When a cherry was placed to its 
lips it bit a piece eagerly and seemed to enjoy it. The cherry was then laid on the 
floor in front of it, but it was unable to find it though looking eagerly for it. The 
animal enjoyed its food, which it found by groping about with its hands in its cage. 

On the fourth day there were some indications of returning vision. A piece of 
orange was held before it, whereupon it came forward in a groping manner and tried 
to lay hold, but missed repeatedly. When the piece of orange was laid on the floor 
it stretched out its hand over it, short of it, and round about it before it succeeded in 
securing it. 

When urged to move it did so very cautiously, and occasionally came close up to 
the wall before it stopped, but it did not knock its head as before. It was observed 
that when it accidentally dropped a piece of food when eating, it could only find it 
with difficulty, and equally so in front and to either side. Many similar observations 
were made. 

On the fifth day the animal came out of its cage spontaneously and walked about. 
It never now knocked its head. It was evidently able to see its food, but constantly 
missed laying hold of it at first, putting its hand beyond it or short of it. 

On the sixth day the animal walked about freely, avoiding obstacles, but vision 
was evidently defective, as on several occasions it was seen as if about to climb before 
it had come sufficiently near the ledge on which it wished to mount. It was, however, 
able to pick up grains of rice scattered on the floor, but always with uncertainty as to 
their exact position. 

Watched from day to day the animal continued to manifest the same indications of 
defective vision. 

Four weeks after the operation the animal seemed in a feeble state of health and 
disinclined for exertion. The same want of precision was still seen as regards its power 
of putting its hands on objects it wished to pick up. This was apparently equal in all 
directions. 

At this date when it was walking about on a table it tumbled off, having come too 
near the edge without seeming to be aware of the fact. 

After this, being the holiday season, no further observations were made for a time, 
and the animal died in the interim two months and a half after the operation. 

Post-mortem examination . — The brain not being removed immediately was somewhat 
soft, and suffered some damage in removal. 

Examined after hardening in spirit the general aspect was normal, except in the 
region of the angular gyri. 

The left angular gyrus had entirely disappeared with the exception of a small 
portion of the lower extremity of the anterior limb. The neighbouring convolutions 
looked as if they had been dissected out (Plate 21, fig. 13). 
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A horizontal section of the hemisphere at the point of greatest depth of the lesion, 
viz. : at the upper extremity of the superior temporo-sphenoidal convolution, showed 
that the lesion involved only the ridges and sulci of the angular gyrus, the stem of 
medullary fibres passing backwards to the occipital lobe being uninjured. The cortex 
of the occipital lobe was intact (Plate 21, fig. 14). 

In the right hemisphere the angular gyrus was also quite obliterated, except a thin 
strip of cortex intervening between the ascending parietal convolution and the upper 
extremity of the superior temporo-sphenoidal convolution, which forms a wedge between 
the two limbs of tbe angular gyrus (Plate 21, fig. 12). 

The posterior limb of the gyrus which becomes continuous with the middle tem- 
poro-sphenoidal convolution retained only some traces of the cortex at the bottom of 
the sulci separating it from the superior temporo-sphenoidal convolution and the 
occipital lobe. 

The convexity of the occipital lobe was slightly eroded superficially from post-mortem 
injury. 

The medullary fibres of the occipital region were seen in horizontal section to be 
altogether intact (Plate 21, fig. 14). 

Remarks . — In this case the angular gyri had been effectually obliterated on both 
sides without injury to the occipital lobes or their medullary connexions. The result 
was total blindness without affection of the other senses or motor powers. The total 
blindness lasted only three days, but vision continued permanently impaired, and 
showed no further signs of improvement during the month in which the animal was 
kept under observation. The condition was one of double amblyopia. 

Experiment 9* (Plate 21, fig. 15). 

In this animal the occipital region was exposed on both sides, and both occipital 
lobes were severed with the galvanic cautery, and scooped out bodily. The line of 
incision in both cases passed between the anterior extremity of the first occipital, and 
the parieto-occipital sulcus. 

The portion removed on the right side weighed 1 ‘9 grammes ; that removed on the 
left weighed 2T grammes. 

In half an hour after the operation the animal sat up and wanted to move about, 
but it was kept still, wrapped in a blanket, to prevent risk of haemorrhage. Both 
eyes were open equally, the pupils smallish, and the conjunctival reflex equally distinct 
on both sides. 

For two hours, though it was looking about as if it saw, no definite test of vision 
was made ; but at the end of that time it went and sat down beside the next cage 
and allowed the other Monkeys to handle it, and examine its head. It then, of its 
own accord, went into its own cage and sat down. A piece of apple was thrown into 
the cage, and though it fell a full arm’s length away, the animal, without the slightest 
hesitation, or want of precision, put forth its left hand, picked it up, and ate it. 
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Half an hour later several similar tests were made. A piece of apple was thrown 
near it. This it took, and began to eat. On the piece being taken from it, it seized 
another piece lying in the cage and ate this, and having finished it, came forward a 
few steps and picked up another piece lying on the floor. 

There was thus the most complete proof of retention of vision. Hearing was acute ; 
cutaneous sensibility was unimpaired, the slightest touch anywhere on its body 
exciting its attention. It smelt the apple before eating, and evidently enjoyed the 
taste. 

Next day the animal seemed in the most excellent health. Took things offered it 
with the utmost precision, and picked articles of food from the floor. It camo out of 
its cage when the door was open, and had a look at its companions, and playfully 
tickled the ear of a kitten which came past its cage. 

From this time onwards it continued in perfect health, and without the slightest 
discoverable impairment of vision or other deficiency. 

Nearly six weeks after the first operation the left angular gyrus was exposed, and 
this and the anterior portion of the remainder of the occipital lobe cauterised with 
the galvanic cautery. The left eye was securely closed. 

Half an hour after the operation the animal was sitting up, on the alert, and 
listening to the grunts of its companions. When touched it started, and bounced 
with its head full against the leg of the observer. 

An hour after the operation it seemed to have some obscure power of vision, but in 
running along the top of the hot- water pipes, it knocked its head against the brackets, 
now on the right and now on the left. Made a vague sort of motion towards a piece 
of bread held in front of it, but did not reach it. 

Constant observation for another hour was made with a view to determine whether 
it saw to one side or the other better, but without settling the point. It seemed to 
see better to the left than to the right, and yet on one occasion it turned to tho right 
and took a piece of biscuit with its right hand. 

Two hours and a half after the operation it was able to see so well to the left as to 
be able to pick up grains of oats scattered on the floor towards its left side, and with 
its left hand. But it took some with the right hand, though not quite precisely, from 
a heap of grains held in the palm of the hand towards its right. 

Next day, twenty-four hours after the operation, constant observation and various 
tests were made for two hours in respect to the question of vision to the left and 
right. There was no doubt that though it saw to the left, it also did so to the right. 
It picked up grains preferably to the left, and with the left hand, but on several 
occasions it picked up currants, &c., to the right with its right hand. On one occa- 
sion it was sitting with the left side close against the wall, but it reached its right 
hand well to the right side to pick up grains, &c., lying on the floor. Threatened 
towards the right side it started and ran away. Vision to the right soemed therefore 
fully established. 
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Next day similar tests were employed with precisely similar results. The left eye 
which had been closed, was freed to-day, but no difference was observable in the 
animal’s behaviour or power to pick up things. 

From this time onwards the auimal seemed in every respect perfectly well. It was 
very active and vivacious, and constituted itself leader and protector of its companions. 

It was killed with chloroform nine months after the first operation. 

Post-mortem examination , — The brain was everywhere normal except in the follow- 
ing particulars : — 

In the left hemisphere the convex aspect of the limbs of the angular gyrus was 
superficially eroded, with the exception of a strip of uninjured cortex bounding the 
intraparietal sulcus. The grey matter in the sulci was uninjured (Plate 21, fig. 15). 

The left occipital lobe was represented only by a small angular portion behind the 
upper extremity of the paricto-occipital fissure. 

In the right hemisphere the angular gyrus was intact, but the occipital lobe was 
represented only by a truncated portion, scarcely one-third of' the whole, of a triangular 
shape, the base directed upwards and the apex downwards, the boundary of the section 
being at the vertex half an inch behind the parieto-occipital fissure, and thence 
gradually tapering to one-sixteenth of an inch behind the lower extremity of this 
sulcus. 

Remarks . — This case shows very clearly that notwithstanding the entire removal of 
at least two-thirds of both occipital lobes, the animal, within two hours of the opera- 
tion, was able to see and pick up minute objects with perfect precision, recognised and 
interpreted the meaning of threatening gestures, and acted generally as if it retained 
its visual faculties in all their integrity. 

The additional superficial lesion of the left angular gyrus induced transient total 
blindness in the right eye, gradually giving place to such restoration of vision that 
next day it was impossible to detect any visual defect either to the one side or the 
other. 

Though therefore the left occipital lobe was almost entirely removed, and the left 
angular gyrus extensively injured, and two-thirds of the right occipital lobe destroyed, 
the animal enjoyed vision so perfect that no defect could be discovered by any tests 
applicable to lower animals, continued most intelligent and vivacious, and exercised a 
dominant influence over its companions. 

Experiment 1* showed that almost entiro removal of one occipital lobe was without 
appreciable effect on vision ; and Experiment 2'“ showed that considerable bilateral 
lesions were also negative. This experiment is still more striking. 

Reference is also made to “ Experiments on the Brain of Monkeys ” in the Philo- 
sophical Transactions, Yol. 165, Part 2, by Dr. Furrier. In Experiments XXII. and 
XXIII. similar facts are related. In Experiment XXIV., in which the occipital lobes 
(and subsequently also the greater portion of the frontal lobes) had been removed, there 
was some defect in vision, shown in incorrect appreciation of the distance of objects. In 
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this case there was considerable hernia cerebri, and the angular gyrus of the right side 
was involved in the lesion. 

As the brain of this animal had been carefully preserved in spirit since 1875, photo- 
graphs were taken and are here appended (Plate 21, figs. 18 and 19), so that the 
condition of the brain may be accurately seen. 

Experiment 10* (Plate 21, fig. 17). 

In this animal the left angular gyrus and anterior half of the occipital lohe were 
exposed, and thoroughly cauterised, and the rest of the occipital lobe severed and 
removed. 

The portion removed weighed 2 ' 5 5 grammes. 

The left eye was securely closed. 

The right eye was open, the pupil contractile to light, and the conjunctival reflex 
distinct. 

When the animal began to move about half an hour after the operation it was 
totally blind, paying no attention to threats, though excessively timid, and knocking 
its head against obstacles in its path. 

An hour after the operation there were some indications of vision, and observations 
were continued for an hour and a half after this with a view to determine the exact 
extent, and whether vision was unilateral or not. For a long time it remained 
doubtful, but it seemed as if vision was abolished towards the right side at least. 

Next day blindness towards the right was distinctly proved, as the animal occasion- 
all} 7 knocked its head on the right side. The left eye was then unclosed, and the 
right secured. 

Sight seemed improved, but the animal still, especially when hurried, knocked its 
head on the right side in its career. It was able to pick up things with its left hand 
towards the left. 

On the day following both eyes were allowed free. Defect or abolition of vision 
towards the right was still very apparent, as on several occasions the animal knocked 
the right side of its head against the legs of chairs, tables, &c., in its wanderings. To 
the left it could see, and take hold of things offered it. 

On the fourth day after the operation the animal was able to run about, evidently 
with improved vision, for it did not now knock its head though passing and repassing 
obstacles on every side. It was observed to pick up grains of oats scattered on the 
floor, with its left hand. 

And at dusk, as it was being pursued into its cage, it knocked its head on the right 
side, in a dark corner of the laboratory. 

On the fifth day it ran about very freely never knocking its head. On this day, in 
addition to picking up things readily with its left hand, it was seen to turn to the 
right and pick up a piece of apple, thrown down, with its right hand. On the sixth 
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it was sitting with its right side close against the left side of another Monkey which 
was eating an apple. It was looking very eagerly and covetously, and on the apple 
being accidental!}' dropped by the other, it reached across with its left hand, seized 
the apple, and made off with it. 

On the tenth day it was seen while sitting on the top of a hot-water pipe to reach 
down with its right hand, and pick up a chestnut lying in its cage. 

On the eleventh day it was seen to spring past objects on either side without once 
knocking its head. 

From the thirteenth day onward it was impossible to discover any traces of hemi- 
opia, as the animal was able to pick up grains of oats,.&c., scattered on the floor to 
the right as well as the left, and without making any perceptible motion of its head. 

It seemed to havo quite recovered ; and it remained in excellent health till it was 
killed with chloroform five months after the operation. 

Post-mortem examination . — The left hemisphere was truncated, exposing the upper 
surface of the left side of the cerebellum. The convex aspect of the left hemisphere 
was sharply limited posteriorly by a line corresponding almost exactly with the intra- 
parietal sulcus (the posterior margin of the ascending parietal convolution was slightly 
grazed). From this line the surface of the left hemisphere sloped downwards and 
backwards, and ended abruptly at the point where the middle temporo-sphenoidal 
convolution passes into the occipital lobe. 

Of the convex aspect of the occipital lobe scarcely a trace existed. The anterior 
limb of the angular gyrus, both on its convexity and where it bounds the intraparietal 
sulcus, had disappeared, and as before stated, the posterior margin of the ascending 
parietal convolution was also grazed. 

The convexity of the posterior limb of angular gyrus was also almost entirely oblite- 
rated, but the grey matter in the depth of the parieto-oecipital fissure was not 
destroyed. The upper extremity of the superior temporo-sphenoidal convolution 
remained clearly defined and intact, except for slight superficial erosion of the cortex. 
The grey matter of the sulci separting it from the anterior and posterior limb of the 
angular gyrus was uninjured. 

The rest of the brain was in every respect normal. [The vertical line seen in the 
figure is an accidental defect in the photograph]. 

Remarks . — In this case we have complete removal of the convexity of the left occipital 
lobe and the greater portion of the angular gyrus followed by transient total blindness 
in the right eye, giving place to right hemiopia ; and this in turn giving place to 
such restoration of vision within a fortnight that no defect could be discovered by 
any methods applicable to the lower animals. 

Experiment 11* (Plate 21, fig. 16). 

In this animal the left angular gyrus and adjacent margin of the ascending parietal 
convolution were exposed and the cortex seared with the galvauic cautery. 

3 s 2 
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During the dressing of the wound consciousness was returning ; the eyes were open, 
the pupils moderate size and contractile to light, and the conjunctival reflex equally 
distinct in both eyes. 

The right eye was then bandaged. 

The animal having gone to sleep for a quarter of an hour began to move about, 
indicating vision by making a grimace when threatened ; and within an hour after the 
operation was running about the laboratory, and picking up things lying on the floor, 
currants, &c. 

No defect being ascertainable as regards vision with the left eye, the left eye — that 
on the side of lesion — was next secured, and the right freed. The animal struggled 
for some time with the bandage, but not succeeding in getting it oft', became quieter. 
Very shortly, within an hour and a half after the operation, it indicated vision by 
making a grimace when threatened, and two hours after the operation it was seen to 
pick up pieces of food from the floor to right and left indifferently. 

Some weakness was perceptible in the right hand, which, though used in climbing, 
occasionally slipped and gave way. There was no defect as regards the sensibility of 
the hands, and the animal made grimaces and rubbed the palms of both hands when 
it accidentally placed them on a water pipe which was rather hot. 

Next day the animal seemed in perfect health. Sight was to all appearance as 
good as before. When the right and left hands were tested respectively as to their 
grip, the right was perceptibly weaker. Otherwise no difference could be observed. 

Similar observations were made at intervals with the same results up to four months 
after the operation, when the animal was again chloroformed and the right angular 
gyrus exposed and cauterised, and the right occipital lobe removed en masse. The 
portion removed weighed 2‘75 grammes. The animal, as the dressing was finished, 
was recovering consciousness ; both eyes were open, the pupils equal, and the conjunc- 
tival reflex distinct in both eyes. 

Twenty minutes after the operation a sniff’ of ammonia caused the animal to wake 
up and proceed to walk about the laboratory. Hearing was good, as it responded to 
the grunts and calls of its companions. 

It soon gave evidence of vision to the right side, by approaching the laboratory 
attendant standing on this side, and climbing up his arm. 

Two hours subsequently the left eye was bandaged. The animal was able to see 
and pick up a cherry to the right. To the extreme left front it could not do so, but 
was able to find a cherry to the left of the middle line, reaching its right hand across 
the middle line to seize it. 

After continuous observation for an hour the left eye was freed, and the right 
closed. It was evident that the animal lost things to the left of the middle line. It 
also appeared that vision to the right was limited, for while it seized things to the 
right of the middle line, yet it seemed to lose things placed to the extreme right. 

Next day similar observations were made, with similar results. 
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On the fourth day the animal was observed for some time with both its eyes free. 
It was ablo to pick up grains of corn scattered on the floor, to the right, but not to 
the left. The right eye was then bandaged. It continued to pick up grains to the 
right, but not to the left; and in running knocked its head on the left side against 
the leg of a table. 

The left eye was then bandaged, and the right freed. It continued to see well to 
the right and keenly watched flies buzzing about on this side. It looked about both 
to right and left, and in picking up grains frequently reached well across the middle 
line towards the left side. Vision to the extreme left however was deficient. 

Similar observations were made on the seventh day. . 

On the tenth day, when the left eye was bandaged, the animal was able with only 
a slight turn of the head to pick up grains, &c., towards the left side. 

With the right eye bandaged, vision to the right was clear, but things to the left of 
the middle line were lost. 

On the fourteenth day, with the left eye bandaged, the animal ran about, skilfully 
catching flies with the right hand to the right side, and also to the left with a slight 
turn of the head. It was also seen on this day to take a fly offered it on the left side, 
with its left hand ; appearing a little uncertain as to its exact position. Did not 
knock its head anywhere though passing and repassing objects on the right and left 
constantly. 

On another occasion it was held up facing a wall on which many flies were settled. 
It caught one or two on its left front with its left hand, without turning its head. 

On the seventeenth day it was seen to run about everywhere without once knocking 
its head, passing close to obstacles right and left. It was also seen to catch flies with 
either hand to right and left. 

The right eye was then bandaged. It still continued able to catch flies with the 
left hand. Whether vision was equally distinct to left as right could not be deter- 
mined, but it was certainly not blind to the left side as it had been formerly. Four 
months subsequently, vision to the right and left was to all appearance equally good, 
as the animal was able to pick up minute objects to right and left indifferently, and 
without any abnormal turning of the head. It was killed with chloroform nearly five 
months after the second operation. 

Post-mortem examination . — On the left side the grey matter of the convexity of the 
angular gyrus was merely eroded, and the grey matter at the bottom of the sulci was 
uninjured. There was also slight erosion of the ascending parietal convolution, and of 
the upper extremity of the superior temporo-sphenoidal convolution. The occipital 
lobe was intact, as also the rest of the hemisphere (Plate 21, fig. 1G). 

On the right side the occipital lobe was entirely gone, having been cut off exactly 
at the parieto-occipital fissure. The ridges of the angular gyrus were also almost 
entirely obliterated, but the grey matter in the depth of the sulci separating it from 
the ascending parietal and superior temporo-sphenoidal convolutions was intact. The 
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upper extremity of the superior temporo-sphenoidal convolution was eroded 
superficially. 

The rest of the brain was perfectly normal. 

Remarks. — In this case of superficial destruction of the cortex of the left angular 
gyrus and ascending parietal convolution there was no perceptible affection of vision on 
the side of lesion, and none could be made out on the opposite side within two hours 
after the operation. The right hand was somewhat weaker than the left, but there 
was no paralysis of any movement. 

The subsequent entire removal of the right occipital lobe and considerable destruc- 
tion of the right angular gyrus caused defect in vision in both eyes which proved to be 
of the nature of herniopia to the left. By repeated tests applied to the right and left 
eye respectively, it was found that the limitation of vision towards the left was greater 
in the left eye than in the right. 

The hemiopic defect gradually diminished, and within three weeks after the second 
operation it was not possible to discover in the animal’s behaviour or mode of activity 
any such defect as had been at first so evident. 

Experiment 12* (Plate 21, figs. 20, 21, and 22). 

In this animal both angular gyri were seared by the galvanic cautei’y, and both 
occipital lobes severed and scooped out. The portion removed from the right side 
weighed 2 - 25 grins., that from the left weighed 2 5 grins. On recovery of conscious- 
ness the animal was observed to have both eyes open, the pupils of moderate size, and 
the conjunctival reflex distinct on both sides. This was soen within a quarter of an 
hour after the operation was finished. 

An hour after the operation the animal was able to walk about, moving all its limbs 
perfectly. Tactile sensibility was unimpaired, judging by its attention to and dislike 
of being touched on any part. That it could smell was indicated by a sudden grab at 
a piece of apple placed under its nose, which however it failed to seize. 

It was absolutely blind and knocked its head against everything in its path. The 
slightest sound made in its vicinity caused it to start and look round. 

Next day it was well and vigorous. Muscular powers were unimpaired, and every 
faculty of sense except vision. In this respect it was totally deficient, making no sign 
of perception of anything in the way of threats, &c., and yet so shy and timid that the 
slightest touch caused it to start and endeavour to escape. In such attempts it 
knocked its head full against whatever lay in its path. 

Next day the condition was the same. The animal took its food when this was 
put in its hands, but could not find anything that was merely offered to it, or that 
accidentally dropped from its grasp. 

A week subsequently it was still in the same condition ; well in health, and in no 
wise deficient except as regards vision. An ophthalmoscopic examination of the eyes 
showed the media, retina, and optic discs of perfectly normal appearance. 
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The animal soon learnt to find its way about its cage, finding its food by groping. 
On hearing the sound of food dropped into its cage it would descend from its perch 
and grope about. Occasionally it would return after an unsuccessful search, though 
the food lay before its eyes. Accidentally lighting on something with its hands it 
would take it up, smell, and if not good to eat would throw it down. Satisfied by 
smell it would eat and exhibit satisfaction by gestures and grunts. Hearing was 
most keen. It started at the slightest sound, and frequently returned the grunts and 
calls of its companions. For some weeks it was disinclined to move except about its 
cage, and generally sat still, except when groping for food. If taken out and urged 
to move it ran its head against every obstacle in its. path. At the end of three 
months it was less disinclined to move about, and would spontaneously walk out of 
its cage with a companion Monkey placed with it in the same cage. Many and varied 
observations and tests were made as to the animal’s power of vision, and frequently 
doubts were entertained as to whether some of its actions were compatible with 
absolute blindness. 

Six months after the operation the animal was able to move about the laboratory 
and vicinity of its cage with considerable freedom. It had a slouching gait and a 
Bomnambulistic-like air, its eyes looking steadfastly in the distance. It seemed to be 
aware of its proximity to obstacles, and when left to its own cautious mode of progres- 
sion did not knock against them. It was able to find its way to its companion 
at some distance, first listening attentively to the noise of its footsteps. It also 
seemed aware of one’s px-oximity when within close range. It was difficult to 
approach without exciting the animal’s attention. Yet if this were done with the 
utmost caution against sound it might be approached and the hand waved, or threats, 
&c., made, without causing winking, or the slightest sign of perception. A nearer 
approximation of the hand, however, made the animal uneasy and as if aware of the 
fact. It moved its head and eyes and put out its hand if a stick were waved 
round and round close to its face, but not if at a sufficient distance to avoid causing 
agitation of the air in its immediate proximity. Though it still found its food by 
groping, it seemed occasionally to put its hand out as if it saw. Yet it was unable 
to find a piece of food which it was allowed first to smell, and which was then laid 
down in front of it ; and it frequently failed to find what it had accidentally dropped. 

If, moreover, instead of being allowed to walk about quietly at its own leisure, it 
was suddenly startled, by sounds or attempts to lay hold of it, it would look terrified 
and run full tilt against whatever lay in its path. 

The condition remained unaltered as time went on. 

At the end of nine months its eyes were again carefully examined. The pupils 
were large, and did not contract to light. The optic discs were seen to be remarkably 
pale. 

The animal died without any evident assignable cause during the winter season, 
nearly eleven months after the operation. Examination a few days before death 
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revealed the same absence of flinching or other sign of perception when a light was 
flashed in its eyes, and the same fixity of the pupils as before noted. 

Post-mortem examination . — The aspect of the brain was everywhere normal except 
in the occipito-angular region of both sides over which the membrane, continuous with 
the dura mater, was adherent. On removal of this it was seen that on the left side, the 
occipital lobe had been severed and removed in a line corresponding with the internal 
parieto-oceipital fissure, and the angular gyrus was obliterated both on its convexity 
and in the sulci, so that the neighbouring convolutions, the ascending parietal with the 
postero- parietal lobule, and the upper extremity of the superior temporo-sphenoidal, 
appeared as if dissected out and laid bare (fig. 22). 

On the right side the lesion was exactly symmetrical with that of the left, the 
occipital lobe being removed, and the angular gyrus entirely obliterated (fig. 21). 

The corpora quadrigemina and optic tracts looked smaller than usual, but beyond 
this had no abnormal appearance. The abdominal and thoracic viscera were healthy, 
but there was some emaciation and absence of fat in the omentum. No local disease 
could be discovered accounting for death. 

Remarks . — This case shows that the complete removal of the occipital lobes and 
angular gyri on both sides causes complete and permanent loss of vision, followed by 
atrophy of the optic discs and fixity of the pupils. Apart from blindness there was 
no defect either as regards motor powers or other faculties of sense. The whole aspect 
and behaviour of the animal resembled that of one blind, the loss of one sense being 
compensated for by the acuteness and education of the others. 

General Results. 

These experiments show that lesions of the occipito-angular region cause affections 
of vision, without affection of the other sensory faculties or motor powers. 

The only lesion which causes complete and permanent blindness is total destruction 
of the occipital lobes and angidar gyri on both sides. 

If the lesion extend in front of this region into the ascending parietal convolution 
some affection of motion is seen in the upper extremity on the side opposite the lesion. 

Complete destruction of the angular gyri on both sides causes for a time total 
blindness, succeeded by lasting visual impairment in both eyes. 

Destruction of the convex aspect of the angular gyrus on oue side causes temporary 
abolition or impairment of vision in the opposite eye. The defect is not of a hemiopic 
character. Subsequent similar lesion of the other angular gyrus causes bilateral visual 
defect, also only of transient duration. The rapidity of restoration of vision does not 
depend on the integrity of the corpus callosum. 

Deep incisions may be made in both occipital lobes, or the greater portion of one, or 
both occipital lobes at the same time, may be removed without causing any appre- 
ciable defect of vision. 

Af ter removal of the greater portion of both occipital lobes lesion of one angular 
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gyrus causes only the same temporary loss or impairment of vision as occurs from 
lesion of the angular gyrus alone. 

Complete removal of the occipital lohe and greater portion of the angular gyrus on 
one side causes temporary blindness in the opposite eye, followed by bilateral 
hemiopia towards the side opposite the lesion. This ceases to be perceptible a few 
weeks after the operation. Recovery ensues even if the other angular gyrus is also 
considerably injured. 

It appears, therefore, that vision is possible with both eyes when only portions of 
the visual centres remain on both sides. 

SECTION II. 

Lesions of the Temporo-Stiienoidal Convolutions. 

Experiment 13* (Plate 22, figs. 23-38). 

In this animal the superior temporo-sphe.noidal convolution was exposed in both 
hemispheres, and both were destroyed by means of the actual cautery directed along 
their course with the aid of a director. 

The animal had recovered consciousness by the time the dressings, &c., were com- 
pleted. The eyes were open, the pupils equal and contractile, and the conjunctival 
reflex distinct on both sides. 

Within half an hour after the operation it began to look about, and approaching 
the bars of the cage, laid hold and climbed up hand-over-hand. When its hands or 
feet were touched with the point of a pencil it withdrew them, evidently conscious of 
the impressions. 

Two hours after the operation the animal seemed perfectly well, climbing about 
actively. It tried to lay hold of the pencil with which its hands or feet were touched, 
with a view of testing its cutaneous sensibility. 

It, however, paid not the slightest attention to or gave any indications of hearing the 
loudest sounds of various kinds made in its vicinity — sounds which invariably startled 
the other Monkeys near it. 

Next day there was some oedema of the eyelids, but the animal evidently enjoyed 
perfect vision. It gave also clear evidence of perception of a touch anywhere on its 
body. Oil of bergamot held under its nostrils caused it to sniff and make movements 
of its lips, as if it smelt and liked it. Acetic acid caused it to withdraw its head, 
and snort or sneeze out. Salt placed on its lips caused it to make tasting movements. 

As before, not the slightest sign of perception could be caused by any sounds made 
in its vicinity. 

On the fourth day the various tests were repeated. In every respect the animal 
was perfectly normal except as regards hearing. No sign of hearing could be elicited. 
It was noted that while the other Monkeys eagerly listened to the footsteps of any 

MDCCCLXXXIV. 3 T 



50G 


PROFESSORS I). FERRIER AND G. F. YEO ON THE EFFECTS OF 


one approaching, this animal made no sign of curiosity until the person came within 
the range of vision. 

It was noted two days subsequently that the ears did not twitch when loud sounds 
were made, as they did in the other Monkeys whose hearing was undoubted. 

Daily observation was continued, and every variety of test that could be thought 
of was made with a view to elicit any signs of hearing, but in vain. Occasionally a 
doubt was raised, but repetition of the tests, and elimination of mere coincidences as 
regards the movements of the head, failed to establish any satisfactory evidence of 
hearing. 

A month after the operation it was placed in a cage with another Monkey, affected 
with hemiplegia. While sounds made in the vicinity invariably excited the attention 
of the hemiplegic animal, the other would go on quietly with what it was engaged 
in, without appearing to have noticed anything. 

The animal was exhibited, six weeks after the operation, before a specially invited 
number of the physiologists attending the International Medical Congress in London 
in August, 1881. While it was climbing about before the audience a percussion cap 
was suddenly exploded in its neighbourhood without causing the slightest start or 
sign of perception ; — in marked contrast to the behaviour of its hemiplegic companion 
exhibited at the same time. (See the Transactions of the International Medical 
Congress, 1881, vol. i., p. 237.) 

Six months after the operation the animal was in the same condition, in excellent 
health anti spirits, and deficient in nothing but hearing. Sounds which always 
attracted the attention of the Monkeys failed to elicit any signs of' perception. When 
the experiment was tried of one person going to a distance out of sight, while another 
watched, and the one in the distance called the Monkeys as if coming with food, &c., 
all the others would go to the bars of the cage and watch eagerly, while this animal 
would go on with its occupation quite unheedingly. 

Thirteen months after the operation the condition was unchanged. The animal 
was perfectly well, in full possession of all its other faculties, but manifestly totally 
deaf. 

It was killed with chloroform. 

Post-mortem examination . — The orifices in the skull were covered by membrane 
which was adherent to the brain at these points, but there were no adhesions or 
abnormalities at any other part. 

The left hemisphere . — The membrane was adherent over the lower extremity of 
the anterior limb of the angular gyrus, and over the region corresponding with the 
position of the suporior temporo-sphenoidal convolution. This had entirely disap- 
peared, its place being indicated by a groove, which was deepest at the lower 
extremity. A small portion of undestroyed cortex was seen at the lower extremity, 
separating the groove from the commencement of the fissure of Sylvius. Elsewhere 
there was no trace of the superior temporo-sphenoidal convolution (Plate 22, fig. 24). 
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Horizontal sections were made of tlie hardened brain, of which a series of sun-prints 
are seen in Plate 22, figs. 32-38, arranged from above downwards. 

These show that the lesion was strictly confined to the cortex and medullary con- 
nexions of the superior temporo-sphenoidal convolution. 

Fig. 32, on a level with the island of Reil, shows no trace of the superior temporo- 
sphenoidal convolution. Fig. 33 shows a minute remnant of the medullary fibres and 
cortex. Fig. 34, at the upper extremity of the triangular portion of cortex adherent 
behind the fissure of Sylvius, shows that the medullary fibres have been completely 
severed. Figs. 35 and 36, on a level with the anterior commissure, show similar appear- 
ances ; while figs. 37 and 38, at the lower extremity of. the temporo-sphenoidal lobe, 
where the lesion was deepest, show that it did not penetrate beyond the medullary 
fihi *es of the supeiior temporo-sphenoidal convolution. 

The right hemisphere -- The membranes were adhefent over the lower extremity of 
the posterior limb of the angular gyrus and adjacent margin of the occipital lobe, and 
over the region corresponding to the upper half of the superior temporo-sphenoidal 
convolution. The cortex was entirely destroyed, and the medullary fibres severed 
here, leaving a groove. At the lower half of the superior temporo-sphenoidal convo- 
lution the cautery burrowed beneath the cortex without destroying it superficially, 
but undermining it and causing considerable reduction in superficial extent as com- 
pared with the normal. A series of sun -prints of horizontal sections is given in 
figs. 25—31. 

Fig. 25, through the upper portion of the lesion, shows the temporo-sphenoidal con- 
volution destroyed with the exception of a narrow strip immediately posterior to the 
fissure of Sylvius. Fig. 26 , at a lower level, shows the medullary fibres completely 
severed. Figs. 27, 28, and 29 present similar appearances, showing the sinus made by 
the cautery, hollowing out and almost completely severing the medullary fibres of the 
superior temporo-sphenoidal convolution; while in figs. 30 and 31 the sinus only 
undermined the posterior half of this convolution. 

Remarks . — This case shows that bilateral destruction of the superior temporo- 
sphenoidal convolution causes loss of hearing without any other defect either in the 
domain of motion or sensation, The fact of deafness in this animal was admittedly 
established before the Physiological section of the International Medical Congress 
in 1881. 

The position of the lesion is proved by the photographs and sections to be in the 
cortex and medullary fibres of the superior temporo-sphenoidal convolutions, where it 
was stated to be. On the left side the destruction was most complete ; on the right 
the destruction was not quite complete at the lower half. But the destruction was 
sufficient to cause such loss of hearing that no evidence could be obtained free from 
doubt that this continued even in a slight degree. 


3 t 2 
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Ex i >e rim ent 14 *. 

In this animal the middle temporo-s phemndal convolution was exposed in its upper 
half on both sides, and both were similarly operated on. With the aid of a director 
slipped between the dura mater and the cortex, a wire cautery was passed along the 
course of each convolution with the view of destroying it and its medullary con- 
nexions. This could only be done approximately, and as a matter of fact, as will 
be seen from the post-mortem account, the curve of the cortex was not exactly 
followed. 

After the dressing of the wound the animal was awake, the eyes were open, the 
pupils equal and contractile, and the conjunctival reflex distinct in both eyes. 

Half an hour after the operation the animal when called to opened its eyes and 
looked up. When it was sitting quietly afterwards with its head between its knees, 
a splashing of water was made, whereupon it looked up and came to the bars of the 
cage looking for some. 

As regards hearing therefore there was already satisfactory proof. Tactile sensi- 
bility was also apparently unimpaired, as it withdrew its hands or feet, when these 
were touched in such a way as to be entirely out of the animal’s range of vision. 

Two hours subsequent to the operation the animal was running about. Hearing 
was acute, the animal frequently stood listening to the Monkeys in the neighbouring 
cage. Sight was perfect, and tactile sensibility unimpaired. 

Next day the animal seemed in every respect normal. Some experiments were 
made in reference to taste. This was evidently not abolished, as gooseberries on 
which some aloes had been sprinkled did not seem to be relished. 

Four days later further experiments on this point were made, and comparison 
was instituted between this animal and that of Experiment 13, which was for the 
time its companion. No. 13'* would not eat pieces of orange sprinkled with coloeynth, 
but No. 14*, though evidently disliking the bitter taste, eat several pieces. 

The explosion of a percussion cap while the two were engaged with their food 
caused No. 14* to start while No. 13* paid no attention. 

That the animal continued to see, hear, feel, and taste was verified by repeated 
tests during a fortnight’s daily observation subsequent to the operation. 

Owing to some oedema of the cheeks, as if from too great tightness of the dressings, 
the bandages were cut. Next day the dressings were found entirely pulled off, and a 
small slough of the scalp was found to exist, but the edges of the incisions were 
healthy. No further observations were made of the animal, it being to all appearance 
quite well, but it died three weeks after the operation, the slough of the scalp not 
having healed. 

Post- mortem examination. — The openings in the skull situated on each side below 
the parietal eminence were covered over by recent membrane, and there was no hernia 
cerebri, and there was no effusion. But on removal of the brain it was found that 
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there was slight oozing of purulent fluid from the orifice of the wound in the right 
hemisphere. 

The brain was not photographed, but a drawing was made by Mr. F. Le Maistre 
of the right hemisphere, tho lesion on the left being similar, though not quite 
symmetrical. The figures have not been reproduced. In the right hemisphere there 
was an area of destruction, caused by the cautery, which had entered instead of 
grazing along the cortex of the middle temporo-sphenoidal convolution. The entrance 
wound was of the size of a threepenny bit, and was situated in the annectent gyrus 
between the posterior limb of the angular gyrus and the occipital lobe. This opening 
was continuous with a sinus, from which the purulent- fluid oozed, tho direction of 
which was downwards and forwards beneath the cortex, indicated by the point of 
emergence', a small orifice a few millimetres in diameter, situated exactly at the 
lower extremity of the second temporo-sphenoidal sul&us. 

The track of the sinus would bo accurately represented by the middle and adjacent 
margin of the third temporo-sphenoidal convolutions. 

Frontal sections of the right hemisphere showed the existence of a cavity, which 
was evidently an enlargement of the original track of the cautery due to the formation 
of’ pus. This destroyed the greater portion of the medullary fibi-es proceeding to the 
middle and inferior temporo-sphenoidal convolutions. The superior temporo-sphe- 
noidal convolution was intact throughout both in its cortex and medullary fibres. 

In the left hemisphere an area of destruction, corresponding with the entrance of 
the cautery, occupied precisely the same position as in the right hemisphere. 

This led into a sinus, the track of the cautery, which pursued a course beneath the 
cortex, downwards and somewhat further backwards than in the right hemisphere, 
emerging at the lower extremity of the third temporo-sphenoidal convolution, just 
external to the uncus, or end of the gyrus hippocampi. 

Frontal sections of this hemisphere showed destruction of the medullary fibres 
proceeding to the middle and inferior temporo-sphenoidal convolutions; while as in 
the right hemisphere, tho cortex and medullary fibres of the superior convolution were 
intact. 

The brain elsewhere was in all respects normal. 

j Remarks . — The lesions in this case, especially in the right hemisphere, were evi- 
dently larger than those primarily made by the cautery, owing to the occurrence of 
secondary softening. But as no observations were made of the animal for a week 
before its death, the effects, if any, of the further extension of tho primary lesion 
were not determined. 

But the track of the cautery was such as to cause extensive destruction of the 
medullary fibres of the middle and inferior temporo-sphenoidal convolutions, and yet 
no defect could be discovered either as regards healing, vision, tactile sensibility or 
motor power. 
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General Results. 

These two experiments show that the auditory centre is situated in the superior 
temporo-sphenoidal convolution. For whereas hearing was totally abolished by des- 
tructive lesion confined to this convolution in both hemispheres, there was no im- 
pairment of hearing when the medullary fibres of the other convolutions of the tem- 
poro-sphenoidal lobe were broken up. 


SECTION III. 

Lesions of tiie Convolutions bounding the fissure of Rolando (Rolandic Zone). 

Experiment 15* (Plate 23, fig. 3.9). 

In this animal the skull was trephined over the region of the middle of the ascend - 
ing parietal convolution of the right hemisphere. The application of faradic elec- 
trical stimulation to this part of the cortex excited movements of the left hand and 
arm. The part to which the electrodes had been applied was then cauterised with the 
galvanic cautery. 

Three quarters of an hour after the operation the animal in attempting to walk or 
run fell over on the left side from obvious weakness of the left arm. This tendency 
to fall over on tlxe left was frequently observed. An hour and a half after the opera- 
tion it was aide to run on three legs, the left arm not being used. 

Next day the animal when resting kept the left hand hanging by the side. It 
took hold of things offered it only with the right hand. In walking it was able 
to advance the left arm, but limped, as if unable to bear weight on the hand. In 
climbing it used both legs and the right hand only. Beyond the loss of power in the 
left hand there was no other defect. The sensibility of the left hand was unimpaired, 
as the animal’s attention was excited by a touch on it, and a slight pinch caused it to 
exhibit uneasiness and desire to get away. 

On the fourth day the condition was the same. The animal advanced the left arm 
like the other limbs in walking, but seemed unable to bear weight on the hand, and did 
not use the left hand in climbing. Sensibility to heat on both hands was evidently 
equally acute. 

A fortnight after the operation the animal continued in all other respects well and 
strong, but limped with the left hand. A large piece of pear being offered to it, it 
laid hold of it only with the right hand, but finding it too large to hold conveniently 
in one hand, it did not use the left also, as other Monkeys would, but kept it steady 
while eating by making a 'point d’appui of the floor. It was observed some time 
after endeavouring to get a piece of bread out of the cage between the bars. As 
the piece was rather large and not easily extracted, the animal managed to put its left 
hand also through the bars, but was unable to grip the object. 
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A few days subsequently it was seen climbing up the bars of the cage in a peculiar 
manner. It did not climb hand over hand like Monkeys generally, but proceeded 
staccado fashion, clinging with the feet, and springing and laying hold higher up with 
the right hand only. 

A month subsequent to the operation the condition was essentially the same. It was 
observed on one occasion after it had climbed in its peculiar manner to the top of the 
cage, to put out the left hand for support, but venturing to lean its weight on it, it 
fell to the ground. 

Seven weeks after the operation the animal was taken out and held while the 
relative strength of the hands was tested. The grip of the right hand was strong 
and vigorous when one’s fingers were placed in it, but on the left side there was 
scarcely any perceptible pressure. The slightest pinch caused desire on the part of 
the animal to have the hand released, but the power exerted was very feeble, both as 
regards the hand and flexion of the forearm. 

The animal was found dead one morning two months after the operation, evidently 
from the effects of cold. The season was the middle of winter and the cold intense. 
The heating arrangements of the hutches had also failed to keep the temperature up 
to the usual standard. 

Post-mortem examination . — The brain was everywhere normal, except in the region 
of tho middle of the ascending parietal convolution in the right hemisphere. Here 
the cortex was destroyed, and the medullary fibres exposed, over a somewhat irregular 
area about the size of a threepenny bit. The erosion trenched anteriorly on the 
fissure of TIolando, while posteriorly there was an elongated superficial erosion of the 
cortex of the anterior limb of the angular gyrus. 

The upper margin of the lesion was abrupt (fig. 39). 

Remarks. — The effect of this limited lesion of the middle third of the ascending 
parietal, and adjoining margin of the ascending frontal convolution, was weakness, 
not amounting to absolute paralysis, of the left hand, and to a less extent of the 
power of flexion of the forearm. The sensibility was unimpaired. There was no 
other defect. Though there was some erosion of the anterior limb of the angular 
gyrus also, this had nothing to do with the motor defect, as is sufficiently plain from 
the experiments related in Section 1, where it has been shown that no motor paralysis 
occurs from complete destruction of this gyrus. Some experiments were also related 
in this section, showing that weakness of the opposite hand occurred when the lesions 
extended across the intraparietal sulcus into the ascending parietal convolution. 

Experiment 16* (Plate 23, figs. 40-44). 

In this case the left hemisphere was trephined over the upper extremity of the 
fissure of Rolando , and the cortex destroyed at this point with the galvanic cautery. 

An hour after the operation the animal was able to walk, but in a lamo manner, 
dragging the right leg. 
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It was able to climb and in climbing held on bj both hands and with the left foot ; 
but the right leg, except for feeble flexion of the thigh on the pelvis, was not moved. 

The face was normal on both sides. Equal signs of sensation were caused by the 
application of heat to either leg. 

At the end of a week the right leg was still dragged in walking, but the thigh 
could be flexed on the pelvis. The right arm at this time was occasionally subject to 
spasms, about the shoulder muscles particularly. In the intervals it could take hold 
of pieces of food, and hold them while eating. 

At the end of ten days the animal, in running, carried the right leg, using the arms 
and left leg freely. The right arm occasionally exhibited spasm on being advanced in 
walking or in laying hold of things. This spasmodic tendency entirely disappeared 
attor two days longer, but the right leg was still carried in running, flexed at the 
thigh and knee. 

Three weeks subsequent to the operation the condition was similar, the right leg 
being capable of flexion at the pelvis and knee, but the foot unable to be used for 
laying hold or climbing. Some slight movement of the ankle-joint was all that the 
toot seemed capable of. 

A month after the operation the animal was able to run about with great activity, 
carrying the right leg, and also to make considerable leaps, alighting on its hands and 
left leg. 

Six weeks after the operation the relative strength of the limbs was tested while 
the animal was held. The hands seemed equal in their grip and power of resisting 
passive movements. The right leg resisted extension of the thigh and extension of 
the leg, but the foot could be flexed, extended, and moved in various directions 
without resistance. 

The sensibility to pricking was evidently equal on both feet, judging from the 
appearance of attention and general movements, but the cutaneous plantar reflex 
reaction was less distinct on the right than left. 

Six months after the operation examination of the patellar tendon reactions showed 
that the right was considerably exaggerated as compared with the left. There was 
well marked rigidity. On dorsal flexion of the right foot, the leg bent on the thigh, 
the hamstring and sural muscles being very tense. When the leg was straightened, 
which caused evident uneasiness, the foot pointed and could not be dorsally flexed. 

Seven months subsequent to the operation the same condition of rigidity of the 
right leg was very marked. The cutaneous plantar reflex of the right foot was aiso 
distinctly less than of the left. 

Eight months after the operation the rigidity was still more pronounced, extension 
of the leg causing pointing of the toes, dorsal flexion of the foot causing flexion of the 
knee, and abduction of the thigh causing tension of the adductor muscles. All these 
passive movements caused uneasiness when the antagonist muscles were put on the 
strain. 
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The animal, otherwise perfectly well, was killed with chloroform at the end of this 
period — eight months after the operation. 

Post-mortem examination . — The brain was everywhere normal except in the region 
of the upper extremity of the fissure of Rolando in the left hemisphere. Here the 
membrane which covered the orifice in the skull was adherent. On this being sepa- 
rated, a destructive lesion of the cortex was found, consisting of a cavity or hollow 
depression caused by loss of substance, situated at the upper extremity of the 
ascending parietal and frontal convolutions, running across the upper end of the 
fissure of Rolando, parallel to the longitudinal fissure. The cavity commenced 
1 centirn. anterior to the parieto-occipital fissure, and extended forwards for 1 5 ccntiin. 
Anteriorly it tapered and passed into a superficial erosion, caused by adhesion and 
separation of the dura mater there, which occupied an irregular area over the upper 
extremity ot* the ascending frontal, and base of the first frontal, convolutions. 

These appearances are seen in the accompanying photograph, which is somewhat 
larger than the natural brain (fig. 40). 

Frontal sections through the lesion showed that it was purely superficial, the cortex 
being merely sheared away from the subjacent medullary fibres. 

The medullary fibres proceeding from this point to the internal capsule were the seat 
of degeneration, and stained less readily with carmine than the rest of the medullary 
fibres. This is seen in the accompanying sun-print of one of these sections (fig. 41). 

Microscopical investigation of the spinal cord after hardening in bichromate of 
ammonia, demonstrated the existence of an area of sclerosis in the pyramidal or 
postero-lateral tract of the right side of the spinal cord through the cervical, dorsal, 
and down to the lumbar region. 

Figs. 42-44 are microphotographs, enlargements of about 12 diameters, of a section 
of the cervical (fig. 42), dorsal (fig. 43), and lumbar region (fig. 4 4) of the cord respec- 
tively. The sections were somewhat imperfect owing to the cord being rather brittle 
from too long maceration in the bichromate solution, but they show very clearly 
the dark area of sclerosis external to the posterior horn in the cervical region ; 
the same in the dorsal region approaching nearer the surface, and somewhat less 
distinctly, owing to less perfect section and photograph, immediately external to the 
posterior horn of* the lumbar region, coming quite superficial at this point. [Figs. 43 
and 44 have been printed too dark.] 

Remarks . — This case shows very clearly that a lesion of the cortex in the region 
where electrical irritation causes movements of the opposite leg, gives rise to a 
permanent monoplegia of this limb ; the affection being one purely of motor power 
without loss of sensation. The lesion did not involve the whole of the cortical region, 
irritation of which causes movements of the opposite leg, nor was the paralysis of the 
leg absolute, nor did it affect all movements equally. Those most affected were the 
movements of the foot. The case further demonstrates the important fact that a 
purely cortical lesion is followed by descending degeneration through the whole 
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length of the pyramidal tiact which connects the region of the cortex with the spinal 
region whence the motor roots of the limb emerge. 

It was noted that for several days subsequent to the operation a spasmodic 
tendency was observable in the right arm, especially as regards the shoulder move- 
ments and when the animal extended the right arm forwards. 

This receives a satisfactory explanation in the inflammatory adhesion of the mem- 
branes and superficial erosion of tho cortex in the region of the upper extremity of 
the ascending frontral convolution and base of the first frontal. The region specially 
implicated was centre 5 (Ferrier), electrical irritation of which causes extension 
forwards of the arm. 

The adhesion was probably caused by the use of styptics to still haemorrhage, which 
occurred to a considerable extent during the operative procedure. 

Hut as the irritation subsided the right arm ceased to be affected by spasm, and no 
permanent abnormality was created. 

Experiment 17* (Plates 23 and 24, figs. 45-51). 

In this animal, a large Monkey of the Oynoceplialic type, the right hemisphere was 
exposed over the v />pcr half of the ascending frontal and ascending parietal convolu- 
tions, and this region was destroyed by the galvanic cautery, as close up to the longi- 
tudinal fissure as could be reached without exposing this to view. 

It was observed that as the animal was regaining consciousness during the dressing 
of the wound, it used not only the right arm and leg, but also made some flexion and 
extension movements of the left thigh ; tho left arm was not moved. 

Half an hour after the operation it was found that pricking the sole of the right 
foot caused the animal to struggle and withdraw the foot, whereas pricking the left 
foot caused the animal to struggle and express uneasiness, but the foot was not 
moved. 

A similar observation was made as regards the right and left hand. The animal 
evidently from its gestures felt the stimulus as well on the left as right, but it could 
not withdraw the left hand. 

Next day the animal seemed in capital health, but was hemiplegic on the left side. 

The face was not affected. In grinning the two sides of the face acted equally. The 
animal was able to flex and extend tho left thigh feebly, and also extend the left leg, 
so that it could raise itself when it wished to take a piece of apple offered it at some 
height above the head. This it took with the right hand. The left arm was kept 
at the side in a state of semiflexion. It was observed in struggling to make also 
some flexion of the fingers of the left hand. Heat applied to either hand or foot 
excited the same grimaces indicative of sensation. 

Ou the fourth day the condition was similar. In walking the left arm was kept 
in the semiflexed position and the left leg was dragged, the toes catching on a ledge 
which the animal wns crossing. 
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Three weeks after the operation the weakness of the left side was still very evident. 
There was feeble power of extension and flexion of the left thigh and extension of the 
left leg ; the left foot was dragged in walking; the left arm was generally kept by the 
side in a semiflexed position, but some flexion of the forearm and flexion of the fingers 
was occasionally observed in struggling. 

A few days subsequently it was seen, when struggling to lay hold of a piece of apple 
with its right hand and not able to reach it, to put forth its left hand feebly and close 
its fingers over it. 

At this period the animal was held while the resistance to passive movements of the 
limbs respectively was tested. There was very feeble power of resistance to passive 
movements of the left leg, while this was very vigorous in the right. There was in 
the left arm special resistance to the passive extension of the forearm. 

A month after the operation the animal was able to move about actively and climb. 
In climbing the left hand was used feebly to grip the bars of the cage, but no weight 
was rested on it. The left foot was dragged in walking, and no grip was made with 
it in attempts'at climbing. 

The left patellar reaction was greater than the right. The cremasteric reflex was 
more distinct on the right than left side. The cutaneous sensibility was to all 
appearance equally acute on both sides ; pinching, heat, &c., eliciting equal attention 
and signs of uneasiness. 

Two months after the operation the weakness of the left arm was still very evident. 
The animal could use it feebly both in climbing and for prehension. The lei't leg was 
especially weak. In attomptB at climbing the left leg was only feebly flexed and 
never raised so high as the other, while the grip of the toes was almost nil. In 
jumping down the animal always alighted only on the right foot. 

Ten days after the last observation a lesion was established in the left hippocampal 
region, the effects of which will be described subsequently (Section 5, Experiment 
24*). Continuing the history of the condition of the left side, it was found, on exami- 
nation eight months after the operation, that while the animal was struggling against 
being held, the left leg was little or not at all used. Vigorous gripping was made with 
the right. There was evident rigidity' of the left leg. The foot was kept more or less 
pointed, and dorsal flexion caused great tension of the sural muscles. The left 
hand was very feeble as compared with the right, and there was considerable 
resistance to passive extension of the forearm, — the biceps and other flexors of the fu re- 
arm becoming tense. 

The left patellar reaction was exaggerated. The left superficial reflexes wero 
generally less distinct than the right. 

The animal resented pinching, pricking, &c., on the left side as much as on the right. 

Fifteen months after the operation the condition was similar. It was observed at 
this time that frequently when the animal was resting its weight on the left foot, 
clonus came on, causing the leg to dance. 

3 u 2 
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Nineteen months after the operation, just before the animal was killed with chloro- 
form, an examination was again made as to the relative strength of the limbs while 
the animal was held on its back. 

It struggled violently with the right leg, gripping very tightly with the right foot 
whatever it could lay hold of, but the left leg was scarcely used at all, and no attempt 
was made to grip with this foot. 

T1 ie left hand gripped feebly, and this and all the other movements of this limb were 
very easily overcome. The condition was essentially the same as on examination a 
year before. 

Post-mortem ('.rami nation . — The brain was every wheie normal except in the region 
of the upper half of the fissure of Rolando in the Tight hemisphere, and in the left 
hip] HTcam pal region. 

The lesion of the left hemisphere will be described subsequently (see Exp. 24 % ). 

In the right hemisphere there was destruction of the cortex accurately limited to the 
upper half of the ascending frontal and ascending parietal convolutions. 

The upper margin of the lesion was from 2 to 3 nuns, distant from the longitudinal 
fissure, the edges of which were intact. The convex aspect of the superior frontal 
convolution, corresponding with the broad base of the superior frontal, was deeply 
eroded ; and the grey matter was similarly eroded from the convexity of the ascending 
parietal convolution along the whole length of the intraparietal sulcus. 

Between the two the fissure of Rolando was still visible, the grey matter at the 
depth of this not having been destroyed. The greater part of the postero-parietal 
lobule was intact, as well as the lower half of the ascending frontal, and lower 
extremity of the ascending parietal convolution (fig. 45). 

The cranial nerves were intact, as well as the optic tracts and crura cerebri. The 
corpora quadrigemina and cerebellar peduncles were uninjured. 

The right crus cerebri was seen to be very appreciably flatter than the left, espe- 
cially at the middle of the foot of the crus. The right side of the pons -was also flatter 
than the left. 

The left middle peduncle of the cerebellum was somewhat less prominent than the 
right, but no perceptible difference could be made out between the right and left lobes 
of the cerebellum. 

The right pyramid (fig. 46) was only half the size of the left, and slightly greyer 
in tint. 

At the middle of the olivary body the transverse diameter of the right pyramid 
measured only 2 mms., while the left measured 4 mms. 

The left half of the spinal cord was also only half the size of the right. 

From the junction of the anterior with the posterior cornu to the surface of the 
lateral column the left measured L'5 mm., while the right measured 3 mms. 

The posterior columns were equal. 

Transverse sections of the crura cerebri ( fig. 47) showed that the middle 
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of the foot of the right crus was only half the diameter of the left, and stained more 
deeply with carmine — characteristic of sclerosis. The outer portion of the foot of the 
crus was however equal on both sides. Similar sections through the pons (tig. 48) 
showed the same relative reduction and sclerosis of the right pyramidal tracts. 

(The figures are microphotographs of sections magnified about 8 diameters.) 

In the spinal cord the secondary degeneration was still more striking. Sections 
through the cervical, dorsal, and lumbar regions (figs. 4.0, 50, 51) showed an extra- 
ordinary reduction and distortion of the left antero-lateral column. This was due 
to atrophy and contraction of the pyramidal tract or posterior part of the lateral 
column, from which the nerve-fibres had almost entirely disappeared, their place being 
taken by connective tissue staining deeply with carmine. The contraction had 
drawn the posterior horn to the left and forwards — particularly well seen in the 
dorsal region — and had so pulled upon the posterior column as to cause perceptible 
separation of the column of Buiidaou from the column of Goll. This is marked by a 
fissure visible in all the sections on the left, but not on the right side, or only very 
faintly. Though the left posterior column was distorted, its area was not reduced, as 
may be seen by examination of the sections. 

Remarks . — This case shows that a destructive lesion implicating the cortex of the 
upper half of the ascending frontal and corresponding portion of the ascending parietal 
convolution causes marked and permanent impairment of voluntary motor power in 
the opposite limbs, the face being unaffected. 

The sensibility of the paralysed limbs remained acute and to all appearance 
unimpaired. 

The paralysed limbs, especially the leg which was most affected, exhibited in course 
of time the late rigidity or contracture with exaggeration of the tendon reactions, 
which is so characteristic of hemiplegia with descending sclerosis of the pyramidal 
tracts in man. 

The sclerosis of the pyramidal tracts was in this case unusually well pronounced as 
far as the lumbar region of the cord. This was doubtless due to the long period that 
had elapsed since the establishment of the lesion — more than a year and a half. 
Hence the great shrinking of the degenerated tracts and consequent distortion 
of the spinal cord seen in the sections. It is further noteworthy that though in this 
case there was also an extensive lesion in the left hemisphere, but not in the motor 
area, no secondary degeneration existed on the right side of the spinal cord. 

Experiment 18* (Plate 25, figs. 52-55). 

In this case the left hemisphere was exposed in the region of the fissure of 
Rolando, and the ascending fronted and bases of the three frontal convolutions, and 
ascending parietal convolution were destroyed by the galvanic cautery as far as could 
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bo reached without actually exposing the extreme upper and lower extremities of 
these convolutions. 

An hour after the operation the animal, in trying to move, fell over on the right 
side, the right arm and leg appearing quite helpless. At this time heat applied to the 
lingers and toes of the right and left side respectively caused equal signs ot uneasiness. 

Hearing and vision were unimpaired, the animal responding to sounds, and making 
gestures when approached. 

Next day the right hemiplegia was very pronounced, the animal dragging tho 
right limbs, moving on with the aid of the left hand and foot. There was visible, 
when the animal was drinking from a dish, a tendency of the head to the left side. 
At the same time also the eyes tended to the left. The animal was, however, able to 
move the eyes towards the right, but at rest they maintained a slight deviation 
towards the left side. 

The right angle of the mouth was somewhat more open, and drooped a little, as 
compared with the left. 

On the sixth day tbe animal was more active and more willing to move about than 
before. There was still some tendency to deviation of the head to the left, and the 
eyes did not seem to move so well to the right as to the left. 

The animal was able to mount on its perch with the aid of its left hand and foot. 
It had great difficulty in getting its right foot on to the perch, but succeeded 
ultimately by hitching movements of its trunk. Slight power of flexion of the 
thigh and leg was visible. 

During struggles also the right forearm would flex a little. The hand was not 
moved, and when the animal was at rest the arm was kept by the side semiflexed, 
and the fingers flexed over the thumb. 

Slight weakness of the right facial muscles was still perceptible. 

On the ninth day no tendency of the head or eyes to the left could be discovered, 
but the defective action of the right side of the mouth was still very perceptible when 
the animal grinned. With the exception of some power of flexion of the right thigh 
and leg, the right lower extremity was helpless. In struggling some shoulder move- 
ments of the right arm and flexion of the forearm occurred, but no volitional use of 
this arm was seen. The right patellar reaction was more distinct than the left. 

On the fourteenth day the condition of the limbs was essentially the same, but 
the facial paralysis on the right side was not very perceptible, though food seemed to 
accumulate more readily in the right cheek- pouch than the left. 

Three months after the operation the animal, in moving about, was able feebly to 
flex the right thigh and leg so as to lift the foot clear of the ground, but the foot had 
not moved on the ankle. It carried the right arm by the side semiflexed ; occa- 
sionally, in struggling with the left side, making some shoulder movements of the 
right arm, and slight flexion of the right forearm. Occasionally also the fingers of the 
right hand were seen to flex under the same circumstances, viz.: associated with 
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similar action of the left. The slightest touch on the limbs attracted the attention of 
the animal as much on the right side as the left. 

Four months subsequent to the operation the condition was essentially the same, 
the associated movements of the right arm and fingers being frequently seen along 
with similar vigorous movements of tho left arm. No volitional movement, prehension, 
&e., had ever been made with the right arm. The foot was lifted en masse with the leg 
when the animal moved about. 

Six months after the operation the associated movements of the right arm were 
sometimes seen in a very remarkable manner. When the animal scratched itself 
vigorously with the left hand, a similar scratching action was initiated on the right, 
and this was frequently continued for a distinct interval after the left had ceased. 
The scratching with the right hand was made in the air, and quite without purpose. 

Soven months after the operation the pliability of the right leg to passive move- 
ments was somewhat diminished, and there was a tendency to equiuo-varus when the 
leg was fully extended. There was no marked rigidity of the right arm, though the 
thumb when straightened readily returned to its position of flexion on the palm. Tho 
fingers could be straightened without causing great tension of the flexors. The 
animal was exhibited before the Physiological Section of the International Medical 
Congress of 1881, nearly eight months after the operation : — 

“ The movements of the leg were seen to be greatly impaired, and the arm quite 
powerless, being maintained flexed at the elbow, the thumb bent on the palm, and the 
fingers semiflexed.”* 

The animal was killed with chloroform, and a committee was appointed to examine 
and report on the condition of the brain, along with that of a Dog exhibited by Prof. 
Goltz at the same time. 

A photograph was taken of the brain, which is here given (Plate 25, fig. 52). As 
it was not considered very satisfactory, a drawing was made and a woodcut, which 
will be found in vol. 1, p. 243, of the Transactions of the Congress. 

A preliminary account of the brain was also given by Prof. Schafer, and a more 
extended and corrected report has been since published by him in the ‘ Journal 
of Physiology,’ vol. 4, Nos. 4 and 5. The region destroyed comprised : “ Tho 
ascending frontal convolution except a very small portion of the upper end next the 
great longitudinal fissure and except also at its lower end ; about one centimeter in 
length, or nearly one-third of the whole length of the convolution, here remaining 
intact. The posterior third of the upper division of the anterior portion of the (frontal) 
lobe, the lower division remaining untouched. 

“ In the parietal lobe : the greater part of the ascending parietal convolution, only 
about 5 mms. at the upper end, and 6 mms. at the lower end remaining. A small piece 
of the parietal lobule. Rather more than the half (longitudinally) of the ascending 
limb of the angular gyrus, and of the supramarginal convolution. 

* Transactions of tlio Int. Med. Congress, 1881, vol. 1, p. 237. 
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“The other lohes are not encroached on by the injury, nor is the internal surface of 
the hemisphere, although, as will be explained presently, it is probable that by an 
undermining process of secondary nature, a portion of the marginal convolution may 
have been cut off from continuity with the central parts of the cerebrum.” 

Tho area of destruction was covered by adherent dura mater, under which was a 
secondary cavity, but the whole lesion was external to the central ganglia. 

Microscopical sections of the brain demonstrated the existence of secondary degene- 
ration in the left internal capsule, in the foot of the crus cerebri, anterior pyramid, and 
at the Tipper part of the cervical cord, in both pyramidal tracts. 

In the lower cervical, dorsal, and lumbar regions of the cord, sections by Dr. Ferrier 
(Plate 25, figs, 515, 54, 55) demonstrated the existence of secondary degeneration only 
in the pyramidal tract of the right side of the cord. Slight contraction and con- 
sequent distortion had also occurred here as in the previous case — Experiment 17*, 
but the changes were much less marked, probably due to tho relatively much shorter 
period that had elapsed between the lesion and death. 

Remarks . — The lesion in this case implicated the whole of the so-called motor area 
more or less, the centres for the leg and face being only partially destroyed. As a 
result there was motor hemiplegia of the opposite side, with temporary conjugate 
deviation of the head and eyes, partial facial paralysis, and incomplete paralysis of 
the leg. 

The hemiplegia was of a permanent character, as was evidenced by the commencing 
contracture or late rigidity, and the demonstration of secondary degeneration in the 
pyramidal tracts. The animal, except for the right hemiplegia, was in other respects 
perfectly normal. There was no affection of the special senses, and there was no 
discoverable impairment of sensation in the paralysed limbs to touch, or any form 
of painful stimulation, heat, pinching, &e. 

General Results. 

7’hese experiments show that destructive lesions of the cortical areas, irritation of 
which by electrical stimuli causes definite movements on the opposite side, cause 
motor paralysis without loss of sensation, limited (monoplegia), or general (hemi- 
plegia), according to the position and extent of the lesion. The degree of paralysis 
varies with the completeness of destruction of the grey matter of the respective 
centres. It is further seen that destructive lesions limited to the cortex and sub- 
jacent medullary fibres of the Itolandie zone give rise to secondary degeneration 
(sclerosis) of the pyramidal tract, traceable from the seat of lesion in the internal 
capsule, crus cerebri, and anterior pyramid of the same side, and in the postero-lateral 
or pyramidal tract in the opposite side of the spinal cord. 
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SECTION IV. 

Lesions of the Frontal Lores. 

Experiment 19 (Plate 25, fig. 5G). 

In this animal, which was very vivacious and intelligent, the frontal lobes were 
exposed on both sides. Faradic stimulation of the base of the first and second 
frontal convolution on the left side was found to cause movement of the head and 
eyes to the right. This region, viz. : the base of the superior and middle frontal 
convolutions, was then seared with the canter >j, first on the left., and then on the right 
side. On the animal recovering consciousness, which it did after the dressing of the 
wound was finished, it sprawled with all four limbs, and opened both eyes. The 
pupils were contractile to light, but the right was somewhat smaller than the left. 

Half an hour after the operation the animal was able to sit up, which it did holding 
the head bent on the chest. There was no distortion of the head. An hour after the 
operation it was able to move about freely and to climb up the bars of the cage, hand 
over hand. It started at sounds but did not turn the head or eyes, except perhaps 
slightly to the right, when sounds were made close to each ear respectively. 

The head shook when the animal stooped, and there appeared to be a want of power 
to turn the head without the body as a whole. 

An hour and a half after the operation the animal wandered about restlessly, and 
when it sat still the head oscillated — nutation. Sight was unimpared. The slightest 
touch on any part of the head, neck, or other part of the body caused the animal to 
put its hand to the spot, showing unimpaired tactile sensibility. It started to sounds 
made to the right or left, but did not look round as other Monkeys do under similar 
circumstances. In turning it described a considerable circle, evidently from defective 
mobility of the head and eyes laterally. 

Next day there was some oedema of the eyelids so that the eyes could not be seen 
distinctly. Tapping close to the ears caused them to twitch, but the animal did not 
look round, except perhaps slightly to the right. Tactile sensibility of the head and 
neck was as acute as elsewhere, the animal always putting its hand up to the place 
touched. 

The animal was very dull and listless, paying no attention to its surroundings, or 
occasionally running about in an aimless manner. 

On the fourth day the condition was essentially the same. But to-day it was seen 
to turn its head both to the right and left without turning its body as a whole. The 
eyeballs were not fixed but moved about in various directions. The movements of the 
limbs were in every respect perfect. 

There were at this time indications that the wound was not aseptic, which was 
attributed to the fact that the anterior extremity of the wound was not sufficiently 
protected by the dressings. 

MDCCOLXXXIV. 3 X 
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On the fifth day the animal passed into a state of coma, in which condition it died. 

Post-mortem examination . — On removal of the dressings pus was found exuding 
from the edges of the wound. The antiseptic arrangements had failed by reason of 
the difficulty of protecting the anterior extremity of the incision. 

The seat of lesion in both frontal regions was covered by a layer of pus. There was 
no adhesion of the dura mater, except slightly at the posterior margins of the lesions, 
but there was general hyper-vascularity of the pia mater. There was however no 
effusion at the base, or sign of suppuration except in the frontal regions as before 
described. 

On removal of the brain the anterior extremities of the frontal lobes with the 
olfactory bulbs and tracts, and the orbital lobules were found to be quite normal ; 
free from signs of inflammation. All the cranial nerves were intact. 

The convex aspect of each frontal lobe was the seat of an oval depression, caused 
by loss of substance and suppuration, of almost precisely equal extent, but not quite 
symmetrical as to position. 

On the left the lesion occupied the whole of the middle frontal convolution from 
the precentral sulcus to the orbital margin, and invaded the middle of the superior 
frontal convolution up to within |th of an inch of the longitudinal fissure, leaving a 
triangular portion of the base, and a corresponding portion of the anterior extremity 
uninjured. The middle portion of the inferior frontal convolution was also involved 
in the lesion, while the posterior and the anterior extremities were uninjured. 

On the right side the margin of the oval shaped lesion extended slightly farther 
back into the base of the superior and middle frontal convolutions than on the right, 
but did not come so close to the longitudinal fissure. A triangular portion — the base 
posteriorly — of the superior frontal convolution along the margin of the longitudinal 
fissure was intact. The narrowest portion of this measured j inch across. 

The inferior frontal convolution was represented only by a portion of the base, 
and a small apex anteriorly. 

Pe marks . — -This case was unsuccessful in a surgical point of view, the antiseptic 
arrangements having been imperfectly carried out, hence suppuration and complication 
of the phenomena ascribable to the experimental lesions. 

But there was plainly in the first instance, before such complications occurred, as 
the result of destructive lesions of the regions, — electrical irritation of which causes 
movements of the head and eyes to the opposite side — [centre 12 (Ferrier)] — abolition 
or great impairment of the lateral movement of the head and eyes, and instability of 
the head and neck, all other movements being unimpaired. There was no defect in 
tactile sensibility in the head and neck or other part of the body, or in the faculties 
of special sense. The mental aspect of the lesions was general apathy as regards 
surroundings, varied by aimless restlessness. 

Notwithstanding the further extension of the original lesions by inflammation and 
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suppuration, the lateral movements of the head, and movements of the eyeballs, 
were seen before the animal passed into the state of semi-coma preceding death. 

Experiment 20 (Plate 25, fig. 57). 

In this animal the frontal lobes were exposed on both sides anterior to the pre- 
central (antero-parietal) sulcus, and the convexity of both lobes in advance of this 
sulcus generally seared and broken up by the galvanic cautery. 

On regaining consciousness immediately after the dressing of the wound, the animal 
was able to open both eyes and to make sprawling movements with its limbs. 

Half an hour subsecjuently it was seen, in trying to walk, to sprawl along on its 
ventral surface, as if unable to keep its head up. It was able, however, when it came 
to the bars of the cage to sit up and try and climb. 

An hour after the operation it was seen, in climbing up the bars of the cage, to let 
its head drop between the bars as if powerless, and it did not turn its head or eyes to 
either side when touched or when sounds were made, though it evidently, by its 
general movements, both felt and heard. 

When the animal was sitting up, which it could do quite well, the head was held in 
the natural position, not drooping and not shaking or oscillating. 

Next day the animal seemed in perfect health, running about restlessly hither and 
thither. There seemed no defect in the power of carrying its head, or in turning its 
head and eyes to either side without turning the trunk. The general motor powers 
were unimpaired. Tactile sensibility in the head and neck and elsewhere appeared 
perfectly normal ; and sight, hearing, and the other faculties of sense also unimpaired. 

No physiological deficiency could be discovered. 

On the third day the condition was the same. The animal was in the most constant 
state of activity and restlessness, running about incessantly, and fumbling about 
among the straw, &c., at the bottom of the cage. 

Next day it was watched for a long time, but no defect could be ascertained as 
regards its motor or sensory faculties. Occasionally it would sit still looking vacantly, 
but most commonly it was engaged running about restlessly, or fumbling at the 
bottom of the cage. 

No further change was seen during daily observation for ten days after the opera- 
tion, the animal continuing in the same alternately dull and restless condition. 

The weather at the time was intensely cold, and without any other discernible 
cause than this the animal died eleven days after the operation. 

Post-mortem examination . — The edges of the wound in the scalp had not healed, 
but there was no suppuration or effusion. There was no effusion or sign of inflam- 
mation within the skull, and the brain was everywhere normal except in the frontal 
region. 

On the left side the cortex was entirely destroyed over the anterior two-thirds of 

3x2 



524 


PROFESSORS D. FERRTER AND fi. F. YEO ON THE EFFECTS OF 


the convex aspect of the superior frontal convolution. The tip of this had been almost 
entirely severed by a transverse incision, which did not however extend to the orbital 
aspect. The mesial aspect of this convolution was also uninjured. The cortex was 
also deeply eroded, but not entirely removed, over the whole extent of the middle 
frontal convolution, except at the base ; and the inferior frontal convolution was 
also almost entirely destroyed, the base remaining uninjured. 

On the right side the middle frontal convolution was almost entirely destroyed, 
a small portion of the base immediately adjoining the precentral sulcus still remaining. 
Though the superior frontal convolution still retained the cortex for a breadth of a 
quarter of an inch external to the longitudinal fissure, yet it was undermined by 
severance of the medullary fibres almost close up to the longitudinal fissure. 

The base of the inferior frontal convolution was uninjured, but the rest was entirely 
destroyed. 

The orbital aspect, with the olfactory tracts and bulbs, was free from lesion, though 
the orbito-frontal margin was ragged and eroded. 

Jleihnrks . — This case was also unsuccessful as regards long duration of observation, 
but it is instructive as showing that destruction of the greater portion of the cortex of 
the frontal lobes anterior to the precentral sulci, though at first causing great impair- 
ment of the movements of the head and eyes, particularly in a lateral direction, does 
not permanently render these impossible. For already on the second day after the 
operation, movements of the head and eyes to either side were seen without any 
appearance of stiffness or turning of the trunk. The lesions, however, did not impli- 
cate tho whole of the regions irritation of which causes lateral movements of the head 
and eyes. 

There was no defect of motor power other than of the head and eyes immediately 
after, or at any time subsequent to the lesion ; and common and special sensibility 
were unimpaired. The curious purposeless restlessness before observed was also very 
evident in this case, alternating with general dulnoss and apathy. 

Experiment 21 (Plate 25, figs. 58, 59). 

Tn this animal — a large dog-faced Monkey — the frontal regions were exposed in both 
hemispheres, and severed by the galvanic cautery 7 by a transverse incision just anterior 
to the precentral sulcus. Both frontal lobes were removed bodily. 

An b our after the operation the animal lay with its eyes shut, but partially opened 
them when disturbed, and made spontaneous sprawling movements with all four limbs. 
Sensibility was evidently retained all over the body, as it moved or grunted if slightly 
pinched anywhere. 

Ammonia held before its nostrils caused it to snort or sneeze. 

An hour after the operation it would start at sounds, opening its eyes feebly, 
and also if touched anywhere on the trunk or limbs. The right arm and log did 
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not seem to act with so much vigour as the left in its spontaneous movements. It 
was unable to sit up. 

Next day the animal was found in a sort of dozing condition, but opened its eyes 
when called to, or if touched anywhere. It was able to move all four limbs ener- 
getically and grip firmly with both hands and feet. It was also seen to move its head 
backwards and forwards. It could extend its trunk, but was unable to sit up. It 
could also move its tail, and its facial muscles were seen to act normally when the 
animal grinned, which it did if disturbed. 

The animal died suddenly when being fed. 

Post-mortem examination . — Examination showed that the cause of death was a 
recent haemorrhage which filled the anterior fossa of the skull, and extended to some 
extent over the convexity of the hemispheres, and towards the base of the brain. 

Both frontal lobes had been completely removed by a frontal or transverse vertical 
incision immediately anterior to the precentral sulcus on each side. The base of the 
superior frontal convolution, and a, small portion of the base of the middle frontal 
convolution at the upper bend of the precentral sulcus still remained intact however. 

The whole of the frontal lobes in advance of this had been divided down to the 
orbital surface, the incision being just anterior to the optic commissure, which, with 
the optic nerves, was uninjured. The olfactory tracts had also been severed, less 
completely on the left than the right. 

The temporo-sphenoidal lobes weie intact. On the surface of the plane of section 
were clearly seen the divided anterior portion of the corpus callosum, and the head 
of the corpus striatum which was cut somewhat further back on the left side than 
on the right. 

Remarks . — Notwithstanding the formidable character of the operation, life might 
have continued but for fatal secondary haemorrhage. The amount of recovery 
within an hour of the operation was very remarkable. 

The animal retained consciousness, was able to make volitional movements with 
all four limbs, though owing to the greater amount of lesion in the left hemisphere, 
the right limbs were not so strong as the left. Vision was retained, as well as 
hearing and tactile sensibility. The facial movements were unimpaired. 

The only defect observed was the inability of the animal to move its head laterally 
or sit up, though it was able to extend the head and trunk. 

Experiment 22 (Plate 26, figs. 60-73). 

In this animal both frontal lobes were exposed towards their anterior extremities, 
the middle frontal sulcus being visible in the centre of the exposed region. The 
tip of the frontal lobes could be reached and raised with the handle of a scalpel. 

Electrical exploration was made of the exposed frontal lobe on the right side. 
Irritation at the base of the superior and middle frontal convolutions— centre 12 
(Ferrier) — caused movement of the head and eyes to the left,. 
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More anteriorly stimulation seemed frequently associated with movements of the 
eyeballs to the opposite side, but they fluctuated so that occasionally doubt was 
entertained. But there was no action whatever of the head or trunk. 

Unless the movements of the eyeballs were directly caused by irritation, the results 
of electrisation of the prefrontal lobes must be set down as negative to all external 
appearance. 

The whole convex surface of the prefrontal lobes, in advance of centre 12, was then 
cauterised with the galvanic cautery. The mesial aspect of these regions was also 
cauterised ; the anterior part of the falx being divided and tied so as to allow of this 
being done as effectually as possible. Anteriorly the destruction was effected as far 
forward as could be done without injury to the olfactory bulbs. The orbital aspect 
of the lobes was slightly raised so as to allow of complete destruction of the lower 
frontal convolution. 

The cauterisation thus implicated the anterior two-thirds of the three frontal 
convolutions, so far as could be determined before death. 

When the dressings had been appliod the animal continued for a short time to 
have muscular twitchings, as if from some irritation of the dura mater, but in little over 
an hour was able to sit up and walk a few steps, though rather shaky. It was able 
to open its eyes, and it withdrew its hands and feet when they were touched. 

A touch on the right ear caused movement of tho head to the left, and a touch on 
the left caused movement to the right. 

Next day the animal seemed perfectly recovered. It ran about actively ; took 
things offered it with the utmost precision. Particular attention was paid to the 
movements of the head and eyes. These were evidently retained in their integrity, 
for the animal turned its head to either side without moving its trunk, and forwards 
and backwards with perfect freedom. Hearing was acute and tactile sensibility 
unimpaired everywhere. Smell was retained, judging from the apparent pleasure 
excited by oil of bergamot placed under its nostrils. Ammonia excited active signs of 
irritation in the nostrils. 

No physiological dofect could be discovered. Nor could any very definite alteration 
in the animal’s mental character be determined. It seemed only less timid of its com- 
panion, and persisted in stealing food out of its hands, though punished every time 
with an angry bite or a tug, But from this time onwards till its death by chloroform, 
eleven weeks after the operation, It continued in perfect health and exhibited no 
perceptible deviation from the normal. 

Post-mortem examination . — The orifices in the skull in the frontal region were 
covered by membrane continuous with the dura. The dura stripped readily without 
trace of adhesion, everywhere except at the seat of lesion in the prefrontal lobes. 

It was found on removal of the brain that the olfactorv bulbs and tracts were 

•/ 

uninjured. These were removed intact, and without any signs of adhesion. 

Examination of the brain after removal of the adherent membrane revealed an 
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almost complete obliteration of the prefrontal lobes. Except a minute portion of the 
frontal extremities overlying the olfactory bulbs and the base of the superior and 
middle frontal convolutions (centre 12), all the intervening portion of the superior, 
middle, and inferior frontal convolutions had been destroyed, the destruction involving 
the orbito-frontal margin of the hemispheres as far as the central point of the 
triradiate fissure. 

Owing to the contraction caused by cicatrisation, the uninjured frontal apices came 
within a quarter of an inch of the anterior margin of the posterior third of the superior 
frontal convolutions which remained intact. For the Bame reason the orbital aspect 
of the hemispheres was tilted upwards and backwards to a considerable extent (fig. 60). 

Microscopical examination . — The brain after being sufficiently hardened in alcohol 
was cut in a series of frontal oblique sections, parallel to the direction of the fissure of 
Rolando. They were stained with carmine, and sun-prints taken of sections at 
different levels from before backwards. They are seen on Plate 26, figs. 61 to 71. 
Figs. 72 and 73 are transverse sections of the medulla oblongata at the upper and 
middle of the pyramids respectively. 

Fig. 65 first shows clearly a condition, which is more obscure in the preceding 
sections, of sclerosis of the lowermost and innermost fibres of the crescentic shaped 
section of the internal capsule. The sclerosed parts being more deeply stained by 
carmine come out a lighter shade in the sun-prints. They are situated here on each 
side of the oblique section of the third ventricle. In fig. 66, which is essentially the 
same as fig. 65, the lighter sclerosed portions are seen in the same position. In fig. 67, 
behind the optic commissure, the patches occupying the same relative position are 
situated nearer the base. In fig. 68 they occupy the innermost part of the foot of the 
crus, and so in figs. 65) and 70 somewhat further back. 

Fig. 71 is a section just at the emergence of the crura from the anterior aspect of 
the pons, and owing to the obliquity of the section the anterior margin of the pons 
bridges over the space between the crura. The section does not show so well as the 
former ones, being cut on somewhat a different plane and not so well stained. But at 
the innermost margin of the crus the sclerosis is still more or less apparent, being 
indicated by the white patches. The sclerosed patches were visible in all the sections 
as far as the crura cerebri, but they could not be traced beyond. Whether the bundles 
turned up into the corpora quadrigemina or became lost in the pons I have not been 
able to determine. 

But as Sections 72 and 73 show, there was no sclerosis visible in the anterior 
pyramids of the medulla oblongata. 

Remarks . — No cerebral lesion could well have been more latent or devoid of 
symptoms, either physical or mental, than this. 

There was no discoverable sensory or motor defect, and no determinable pyschological 
alteration. Yet the prefrontal lobes on both sides were destroyed to a very great 
extent. But the bases of the three frontal convolutions, irritation of which region 



528 


PROFESSORS D. FERRIER AND G. F. YEO ON THE EFFECTS OF 


causes the movement of the head and eyes to the opposite side, were practically 
intact. 

But though as regards discoverable symptoms the case was negative, the micro- 
scopical investigation of the brain revealed facts of great importance both as regards 
the anatomical relations and probable physiological significance of the prefrontal 
cerebral regions. 

The sections demonstrate the occurrence of secondary degeneration or sclerosis of 
certain fibres of the internal capsule and crura cerebri. These occupy the lowermost 
and most internal aspect of the transverse sections of the internal capsule, and the 
most median bundles of the foot of the crus cerebri. The further destination of these 
bundles, whether they end in the corpora quadrigemina or in the pons, was not deter- 
mined. But the facts demonstrated show that the prefrontal regions are anatomically 
in connexion with the median bundles of the foot of the crus and corresponding fibres 
of the internal capsule. 


Experiment 23 (Plate 27, figs. 74-80). 

In this animal the frontal lobes were exposed on both sides, and the cortex cauterised 
extensively towards the base of the three frontal convolutions. When this was done 
first on the left side the eyes were seen to be deviated to the left. On the right side 
the destruction was somewhat less extensive. In less than an hour after the opera- 
tion the animal was able to sit up and move about spontaneously, keeping its head 
down and its eyes shut. No further observations were made at this time. Next 
day the animal was found resting on its perch in a drowsy condition with its eyes 
shut and taking no notice of anything. But when a piece of apple was held under its 
nose, it at once put up its hand to seize it — smell being evidently retained. Tactile 
sensibility was also acute everywhere, as it moved if touched on the head, or on its 
hands or feet. It turned its head upwards and to the right when the right ear was 
tickled ; and it frequently shook its head from side to side as if to remove irritation. 

The eyes being forcibly opened were seen to have a normal position, and the pupils 
of moderate size. 

Attention was suddenly excited by the attendant offering it the yolk, of an egg. 
This it devoured with evident gusto. 

On the third day the same dreamy or drowsy condition was maintained, except 
when food was offered it, when it always exhibited interest. All its motor powers 
were perfect, and it turned its head alternately to the right and left, following an 
apple which was moved in front of it. Sight, hearing, smell, and taste w'ere retained. 

On the seventh day the animal was still very dull, taking no interest in anything 
but its food, which it evidently enjoyed heartily. The movement of the head and 
eyes to either side was plainly observed without the slightest turning of the trunk. 
All its motor powers otherwise, and sensory faculties, were unimpaired. 
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Except for general dulness and want of interest in its surroundings, the animal 
exhibited no perceptible effect of the operation, and continued in excellent health. 

Seven weeks after the operation chloroform was again administered, and the mem- 
brane covering the orifices in the frontal regions incised and the fronto-orbital margins 
of the hemispheres scooped out so as clearly to expose the roof of the orbits — the 
middle line and region of the olfactory bulbs being avoided. 

On tho animal regaining consciousness, which it did very speedily, the head was 
observed to be in a state of rapid lateral oscillation, as rapid as the tremor of paralysis 
agitans. 'Within half an hour after the operation, while the lateral oscillation was 
continuing, the animal was able to climb up the bars of the cage hand-over-hand, 
holding the head well back and the trunk stiff. The right eyelid was observed to 
droop considerably. 

Tactile sensibility was unimpaired generally. 

An hour after the operation the tremor of the head was almost gone, and the 
animal occasionally made circus movements, pivoting itself on the buttocks, and 
turning round with the head en masse with the trunk. 

But within two hours some indications were seen of lateral movements of the head 
alone, apart from the trunk. 

Next day the animal was as usual dull, but opened its eyes if touched anywhere or 
called to. The right eyelid still drooped perceptibly. It moved its head freely back- 
wards and forwards, and also apparently to both sides. It was seen to shake its head 
vigorously from side to side, as if to remove itching. Sight was perfect, as also 
hearing, tactile sensibility, and to all appearance also smell, as it at once grabbed at 
a piece of apple held under its nostrils. 

On the following day free movement of the head and eyes in every direction was 
clearly manifested, and from this time onwards it was impossible to discover any 
appreciable effect of the operation. The animal was killed with chloroform two 
months and a half after the first operation. 

Post-mortem examination . — Except over the prefrontal regions the membranes 
stripped readily without any sign of inflammation. 

On removal of the brain it was found that the olfactory tracts and bulbs were 
uninjured. 

The only lesion was in the frontal lobes (fig. 74). 

On the left side the cortex at the base of the superior and middle frontal convolu- 
tions was irregularly eroded, while the base of the third frontal was intact. The 
mesial surface of the superior frontal was also intact as far as the anterior extremity, 
a minute portion of which overlying the olfactory bulb was also uninjured. But the 
anterior two-thirds of the middle and inferior frontal convolutions and the orbito- 
frontal margin of the hemisphere had been destroyed. 

On the right side the superior frontal convolution was intact, as well as the mesial 
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aspect of this convolution, all along the longitudinal fissure ; but at the anterior 
extremity it became distorted towards the left side. 

The base of the inferior frontal convolution also remained ; but the middle frontal 
was obliterated, its place being indicated by a surface sloping obliquely downwards 
and forwards from the precentral sulcus to the centre of the triradiate sulcus in the 
orbital aspect of the hemisphere. The anterior two-thirds of the inferior frontal 
convolution were also entirely removed. 

There Avas thus lesion, without entire destruction, of the posterior third of the 
three frontal convolutions, with complete removal of the anterior two-thirds of the 
inferior and middle, and portions of the superior frontal convolutions, on the left 
side ; and complete removal of the middle frontal, and anterior two-thirds of the 
inferior frontal convolution on the right side. 

Mlcroscojxcnl examination .- — A series of sections was made of the brain (hardened 
in bichromate of ammonia) from before backwards parallel to the fissure of 
1 to LAN DO, or at right angles to the crura; and also transverse sections of the pons 
and medulla. (A series of sun-prints of these arranged from before backwards is 
given in Plate 27, figs. 75-8(1.) 

At the lower internal margin of the crescentic- shaped section of the internal 
capsule, precisely corresponding to the position of the sclerosed patches in Experi- 
ment 22, specially well seen in figs. 76 and 77, some of the bundles were deeply 
stained, and therefore appear light in the prints, while others internal to these were 
less stained than the normal, and t herefore appear as dark patches in the prints. 

In the sections of the crura (figs. 79-82) the median or most internal bundles of the 
foot of the crus wore most deeply stained, and in some of the sections there was an 
appearance as if some of these bundles took a direction upwards towards the region 
of the aqueduct of Sylvius (figs. 79 and 81). 

In sections of the upper part of the pons some bundles were seen more deeply 
stained than the others. They occupied the same relative position to the rest of the 
fibres of the pyramidal tracts as in the crus and internal capsule, viz., the mesial 
aspect. But these deeply-stained bundles could not be traced beyond the pons, and 
could not bo seen in the sections of the medulla oblongata (figs. 83-80). 

Jiciatn'ks . — In this experiment there occurred at the moment of cauterisation of 
the base of the superior and middle frontal convolutions, a conjugate deviation of 
the eyes to the same side. This was also observed in another case, not here reported 
in detail owing to the animal having died soon after the operation without having 
regained consciousness. 

But notwithstanding the extensive lesions at the base of both frontal lobes, no 
physiological defect, either sensory or motor, persisting the day after the operation, 
was at all appreciable. Whether at this time the movements of the head and eyes 
were deficient was not clear, but on the third day it was plain that these were capable 
ol being effected to all appearance in a perfectly normal manner. 
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The subsequent destruction of the prefrontal regions caused symptoms which, 
though very transient, were yet of important significance. These were rapid lateral 
oscillations of the head, lasting only a few hours, apparent inability to move the head 
except en masse with the trunk, and ptosis of the right eye. None of these symptoms 
were, however, at all discoverable on the third day, and from this time onwards the 
animal exhibited no discoverable defect, either as regards the movements of its head 
and eyes, or otherwise. It is to be noted in this case that a considerable portion of 
the base of the superior frontal convolutions still remained uninjured, though the 
prefrontal regions were almost entirely destroyed. 

Apart from a degree of dulness or apathy— -and this as time went on not 
particularly observable — there was nothing in the animal’s behaviour at all remark- 
able or appreciably abnormal. 

But the important anatomical fact described in connexion with Experiment 22 was 
here also noted, viz. : descending degeneration of the mesial bundles of the internal 
capsule and crus cerebri, as far as the pyramidal tracts of the pons. 

These degenerated fibres were, in the internal capsule, of clearly different dates. 
The older, which were sclerosed and deeply stained, might reasonably be regarded 
as in relation with the older of the lesions in the frontal lobes, viz. : those at the base 
of the frontal convolutions ; while the others situated nearer the middle line and less 
deeply stained than normal, might reasonably bo connected with the later prefrontal 
lesions. Their position agrees exactly with that of the degenerated bundles in 
connexion with the prefrontal lesions of Experiment 22. 

The ultimate destination of the degenerated tracts was not determined, but they 
do not appear to pass into the anterior pyramids of the medulla oblongata. 


Gene ml Results . 

These experiments on the frontal lobes show a remarkable absence of any discover- 
able physiological symptoms in connexion with the almost entire destruction of the 
prefrontal regions, or anterior two-thirds of the frontal convolutions ; and only tem- 
porary impairment or paralysis of* the lateral movements of the head and eyes as 
the result of lesions, extensively destroying the cortex at the base of the superior 
and middle frontal convolutions (centre 12). In none of the cases, however, was the 
destruction of this centre on both sides quite complete. It was most extensive in 
Experiment 21, in which also the prefrontal regions were removed. 

This case, however, owing to the sudden death of the animal shortly after the 
operation, did not afford much opportunity for observation of the effects of the lesion. 

But negative facts of great importance were demonstrated in this case. There was 
no affection of sensation general or special, and the limbs, face, and tail were capable of 
voluntary movement. 

There was apparent total paralysis of the lateral movements of the head and eyes, 
and inability to maintain the upright position, though backward and forward move- 
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mentR of the head were seen, and also extension of the trunk. In this case also in 
addition to the frontal regions, portions of the head of the corpus striatum was removed 
on both sides, more on the left than right. 

The facts of Experiment 23 show that extensive lesion of the prefrontal lobes, subse- 
quent to the time when all effects of destructive lesions at the base of the frontal 
convolutions had disappeared, caused for a time disorders in the movements of the 
head — shown in lateral oscillation of the head, and apparent inability to turn the 
head and eyes. 

There was also in this case a phenomenon not observed in any other case, viz. : — 
ptosis of the right eyelid. There was no local injury perceptible to account for this, 
but whether it was the direct result of the prefrontal lesions is a point that may be 
questionable. The facts of this experiment taken with those of Experiments 19 and 
20 render it probable that the prefrontal lobes have essentially the same physiological 
relations as the electrically effective postfrontal centres. 

In Experiments 19 and 20, notwithstanding the extensive destruction of the post- 
frontal centres, the paralysis of the lateral movements of the head and eyes was very 
transitory, and in Experiment 23 the destruction of the prefrontal regions subsequent 
to the recovery from the lesions of the post-frontal centres re-induced similar 
symptoms. Hence it would appear that so long as portions of the frontal centres 
remain intact, the movements of the head and eyes are not permanently paralysed. 

The prefrontal and postfrontal regions are shown by the secondary degenerative 
changes demonstrated in Experiments 22 and 23, to be anatomically related to the 
same tracts of the internal capsule and crus cerebri. This fact also would indicate 
community in their physiological relationships. Though the prefrontal regions did 
not react, or very doubtfully, to electrical stimulation, yet this would not militate 
against their being considered part of the same physiological centre as the postfrontal 
regions. Eor it was found that the occipital lobes did not respond like the angular 
gyri to electrical stimulation, and yet formed an integral portion of the visual centres. 
As to the psychical effects of the frontal lesions it is difficult to speak at all definitely. 
In some cases there was no very marked change, yet in others, as in Experiment 2, 
previously carefully studied, there was a very manifest alteration in the character of 
the animal. 

On the whole thero seemed mental deterioration, characterised by general apathetic 
indifference or purposeless unrest : effects which, in comparison with those of other 
lesions, appear to have special relation with lesions of the frontal lobes as such. 

SECTION V. 

Lesions of the Hjppocamtal Beuion. 

In none of the experiments recorded in the preceding sections relating to lesions in 
the occipital, parietal, frontal, and external convolutions of the temporo-sphenoidal 
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lobes, was any defect discoverable in tbe domain of tactile or general sensibility. I 
bad in my previous researches (Philosophical Transactions, Yol. 105, Part 2) arrived 
at the same results, and I described how, after various experiments in which the 
hippocampal region — including in this the cornu ammonia and gyrus hippocampi or 
uncinate gyrus — became implicated in destructive lesions, and in which impairment or 
abolition of tactile sensibility was observed, experiments were devised with the view 
of destroying this region primarily. The method adopted was to pass a wire cautery 
through the extremity of the occipital lobe downwards and forwards in the direction 
of the hippocampal region. In two of the experiments, XVII. and XVIII., tactile 
sensibility was almost if not entirely abolished after this operation ; in the latter case 
directly, and in the former, in which the hippocampal region became implicated in the 
destructive softening, on the third day after the operation. 

As the validity of these experiments has been disputed on the ground that the 
posterior or sensory division of the internal capsule may have been involved in the 
lesion, I have re-investigated the position and extent of the lesions in these cases, the 
brains having been carefully preserved in spirit. 

Before the brains were cut in sections, drawings were made by Mr. Collinos of the 
appearances presented by them. 

Plate 28 shows photographs of the drawings of No. XVII. ; fig. 87 being a drawing 
of the anterior half of the left hemisphere, a,nd fig. 88 being the appearance presented 
by the under surface. In fig. 88, the point of emergence of the cautery is well seen — 
quite external to the gyrus hippocampi ; and in fig. 87, the total breaking down of 
the hippocampal region is indicated. On the upper surface of the lateral lobe of 
the cerebellum is a superficial groove indicating where it was grazed by the cautery. 

Figs. 89-94 are a. series of sections of the hemisphere, cut transverse to the antero- 
posterior axis, arranged from behind forwards, beginning with the posterior cornu of 
the lateral ventricle, and ending with the head of the corpus striatum and anterior 
extremity of the temporo-sphenoidal lobe. Not a trace of the hippocampus major was 
found in any of the sections, and the gyrus hippocampi where it remained was in the 
form of a thin shell. All the medullary fibres of the hippocampal region, and also of 
the inferior temporo-sphenoidal convolutions were broken down and fell as debris out 
of the sections. The medullary fibres passing into the superior temporo-sphenoidal 
convolution were not destroyed, but they frequently broke through as seen in figs. 91 
and 92 during the cutting and mounting the sections. 

But the internal ganglia,* the crus cerebri with the section of the optic tract, and 
the internal capsule were absolutely uninjured, as may be seen in the various sections. 
Only those fibres descending towards the hippocampal and inferior temporo-sphenoidal 
regions were destroyed, and the corresponding fibres of the posterior cornu. 

The drawings in figs. 95 and 96 represent the under surface of the posterior half of 

* The whitish spots seen on the lenticular nucleus in fig. 93 are caused by portions of parafin used for 
embedding adhering to the edges of the section and slipping underneath in mounting. 
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the right hemisphere of XVIII., showing the point at which the cautery entered the 
extremity of the occipital lobe, and the groove which it made immediately internal to 
the collateral fissure ; and the frontal aspect of the same portion of the brain, show- 
ing the track of the cautery in the lower and inner temporo-sphenoidal region. Figs. 
97-" 102 are a series of frontal sections of the hemisphere from the occipital to the 
anterior portion of the temporo-sphenoidal region. In ligs. 97 and 98 the walls of the 
calcarine fissure are seen to be completely broken Tip. Figs. 99 and 100 show total 
disorganisation of the medullary fibres of the lower temporo-sphenoidal region and 
complete disappearance of the cornu ainmonis. The gyrus hippocampi is represented 
by oidy a thin shell of cortex possessing no medullary connexions. 

Figs. 101 and 102 wore stained with logwood, and therefore do not show so well as 
prints. In these sections there are still remnants of the hippocampus, and some of the 
medullary fibres of the superior temporo-sphenoidal convolution are involved in the 
lesion. But with the exception of some lesion of the base of the lenticular nucleus, 
seen in fig. 102, the area of destruction was entirely clear of the central ganglia and 
internal capsule. The crus cerebri was absolutely uninjured. 

It will thus he seen that there are no grounds for attributing the tactile anaesthesia 
observed in these two experiments to destructive lesion of any other pait of the 
hemisphere than the cortex and medullary fibres of the hippocampal and lower 
temporo-sphenoidal region. The profoundness of the anaesthesia exhibited in these two 
cases was indicated by the almost total absence of any sign of sensation to thermal 
stimulation of the severest form on the side opposite the lesion. 

In Experiment XVII., in which the track of the cautery swerved away from the 
hippocampus, anaesthesia was not observed until by the secondary softening the 
hippocampal region, as shown in the sections, became involved. In this it was noted 
that there were some indications of basilar meningitis, but there was no softening or 
destructive lesion of any part of the brain except that of the hippocampal and lower 
temporo-sphenoidal region described and figured. 

These experiments were made without antiseptic precautions, and therefore the 
exact limitation of the primary lesions could not be ensured, owing to secondary 
inflammation which invariably set in. And this is a fact which must always be 
reckoned with in estimating the effects of cerebral lesions made without antiseptics. 

It is altogether impossible to reach and destroy the hippocampal region without 
causing injury to some other parts of the brain, and it is necessary to eliminate the 
effects attributable to these by previous experiments. 

In the experiments about to be related the hippocampal region was injured or 
destroyed as in former experiments by heated wires or other cauteries, pushed through 
the occipital lobe downwards and forwards along the hippocampal region, or guided 
along this region by a director inserted between the under surface of the occipital 
lobe and the tentorium cerebelli ; or by means of incisions from the convex aspect of 
the temporo-sphenoidal lobe so calculated as to direction and depth as to sever the 
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hippocampal and lower temporo-sphcnoidal region from the rest of the hemisphere 
without injury to the crus cerebri or other structures. 

Many of the experiments were unsuccessful owing to miscalculation of the direction 
and depth of the lesions and consequent injury of the basal ganglia or crus cerebri. 
These it is not considered necessary to report, as any lesion of this kind was regarded 
as vitiating the whole experiment. 

In the others, all of which are reported, varying success was met with as regards 
the degree and limitation of the lesion to the hippocampal region. Unfortunately 
the mortality has been such as to interfere with the solution of some points of 
importance in connexion with the permanency of the effects of total destruction of 
the hippocampal region and its secondary results. 

Experiment 24* (Plate 29, figs. 103-109). 

The subject of this experiment was the same animal as that of Experiment 17. 
About two months and a half after the lesion of the motor region of the right side, 
the extremity of the left occipital lobe was exposed, and a director passed between 
the Tinder surface of this lobe and the tentorium cerebelli approximately in the 
direction of the gyrus hippocampi. A wire cautery was then passed along the groove 
of the director with the view of destroying the cortex without going through the 
medullary fibres of tho occipital lobe and hippocampal region. 

The animal, it will be remembered, was at this time partially hemiplegic on the left 
side. 

After the operation, when consciousness had returned, the conjunctival reflex was 
distinct on the left, but barely perceptible on the right. Thermal stimulation caused 
active withdrawal of the left foot, but no movement of the right. 

Two hours after the operation the animal was active and vigorous, with the motor 
powers of the right side unimpaired. 

The cremasteric and cutaneous plantar reflexes were distinct on the right side, but 
not perceptible on the left — the hemiplegic side. 

Sensibility was not abolished on the right, but much impaired as compared with the 
left. Severe thermal stimulation caused reaction on the right, but less marked than 
on the left. Pinching, pricking, &o., of the left limbs invariably caused signs of 
uneasiness and struggles to escape, whereas the same on the right caused no 
sign at all, or only very slight on increasing and prolonging the stimulation. The 
reaction to the vapour of acetic acid appeared less active in the right nostril than the 
left. Sight, hearing, and taste seemed quite as acute on the right as left. 

Next day the repetition of the tests of tactile sensibility revealed similar signs of 
impairment on the right ; and again on the fifth day. The cutaneous plantar reflex of 
the right side was better than on the left, yet the right foot might be pinched 
or pricked without causing such vigorous reaction or signs of sensation as on the 
left. 
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On the eighth day tho difference, if any, was very doubtful, and examination at 
various times subsequently did not indicate any perceptible difference as to the signs 
of sensation on the right and left side to various forms of tactile stimuli. The 
animal, which continued hemiplegic on the left side, was killed with chloroform 
considerably over a year after the above-mentioned operation. 

Post-mortem examination . — The condition of the right hemisphere has been already 
described and figured. 

In tho left hemisphere an orifice, slightly torn, existed at the posterior extremity of 
the occipital lobe, indicating the point of entrance of the cautery. This led into a 
shallow groove passing along the upper two-thirds of the gyrus hippocampi (lingual 
lobule), exactly confined between the calcarine and collateral fissures, and ending at a 
point one centimetre posterior to the uncus, where the cautery appeared to have 
entered and buried itself (fig. 103). 

The grey matter of the posterior three-fourths of the gyrus hippocampi appeared to 
have been peeled or shelled off, exposing the medullary fibres and outline of the cornu 
ammonis. The cortex of the anterior extremity of the gyrus hippocampi and uncus 
was uninjured superficially. 

The base of the brain otherwise —the crura cerebri, optic tracts, and cranial nerves 
— was intact. 

A series of sections, cut obliquely downwards and forwards parallel to the fissure 
of .Rolando, of which sun-pi'ints are given in figs. 104-109, showed that tho eortex of 
the gyrus hippocampi had been for the most part sheared off down to the medullary 
fibres of the cornu ammonis. 

This was exposed, but not separated from its medullary connexions, so that it pro- 
jected in the sections like a cro/.ier. Towards the lower or anterior portion of the 
gyrus there still remained a portion of the cortex, adjoining the collateral fissure, 
while that immediately supporting the hippocampus was removed (figs. 106-108). 

In the sections which cut the anterior third of this region it was seen that 
the cautery had penetrated flic anterior portion of the hippocampus and nucleus 
amygdala, causing a hole in this region, as seen in trail verse section (fig. 109). The 
convex aspect of the gyrus hippocampi was at this point intact. 

Remarks. —This experiment shows that destructive lesion implicating the cortex of 
the gyrus hippocampi, and perhaps to some extent the medullary fibres of the hippo- 
campus or cornn ammonis, causes some degree of impairment of tactile sensibility, at 
first well marked, but becoming less distinct, and not perceptible to ordinary tests a 
week after the operation. 

The ease was instructive in the comparison (for which the double experiment was 
devised) which it allowed between the effects of lesion of the motor region and of the 
hippocampal region. Though the left limbs were greatly impaired as to motor power, 
no defect could be discovered in their sensibility throughout; while the light limbs 
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unimpaired as regards their motor power, were for a time markedly defective as 
regards sensibility. 

Notwithstanding the extensive lesion of the hippocampal region, there was no trace 
of descending degeneration in the opposite side of the spinal cord, though tlie animal 
had lived more than a year after the establishment of the lesion in question. 

Experiment 25 (Plate 2!), figs. 110-116). 

In this animal the right occipital lobe was first exposed, and a wire cautery was 
thrust through the lobe at the anterior extremity of the superior occipital sulcus, in 
the convex aspect of tlie lobe, downwards and forwards, with a view to plough along 
the hippocampus. 

While the animal was recovering during the application of the surgical dressings the 
right pupil was observed to be somewhat smaller than the left. When set free the 
limbs on the left side were moved and planted with some appearance of uncertainty. 
An hour and a half after the operation there were signs of defective vision towards the 
left side, as the animal did not appear to observe threatening gestures made on the 
left, whereas it made grimaces when the same were made on the right front. 
Repeated tests were made as to the effects of thermal stimulation on the right and 
left side respectively, with the result of showing that though signs of sensation could be 
elicited on the left as well as on tlie right, they were much less distinct on the left 
side, whether on the ear, hand, trunk, foot, or tail. 

Next day similar observations were made as to the effects of heat, with similar 
results. As to the perception of mere contact, it was not easy to determine, as the 
animal was shy and difficult to approach. But as it was still hemiopic towards tho 
left side, advantage was taken of this, and a long wire (cold) stuck in the end of 
a stick was made to come into contact with the hands and feet from the left, without 
attracting the animal’s sight. 

When the fingers or toes of the right side were touched gently, or scratched in this 
manner, the animal invariably looked and changed its position ; but when the same 
was done on the left there was not the slightest sign of perception, and no change in 
position was made. This was repeatedly verified. 

Next day similar observations were made with similar residts, but occasionally there 
seemed to be less difference than before. But the left side of the tail was pricked with 
a pin without causing any sign of sensation, whereas the same on the right caused the 
animal to turn round and scratch the place in a lively manner. Tho left hemiopia was 
still apparent. 

On the eighth day the animal was seen to run about most actively, never knocking 
its head on one side or the other against any obstacles in its path. The hemiopic 
defect previously existing was now very doubtful. 

Tlie cremasteric and cutaneous plantar reflexes appeared somewhat more active on 
the left side than on the right. 
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On the fifteenth day the reaction to thermal stimulation was still perceptibly less 
vigorous on the left than on the right, but three weeks after the operation no difference 
could be perceived, and the hemiopia formerly existing was no longer discoverable by 
any test. 

Four weeks subsequent to the operation on the right hemisphere the left occipital 
lobe was exposed and a wire cautery pushed through the occipital lobe at the anterior 
extremity of the first occipital sulcus, downwards and forwards approximately in the 
direction of the hippocampus. 

Half an hour after the operation the animal was able to move about spontaneously, 
but it tended to slip and fall over on the right side. The reaction to thermal stimula- 
tion at this time was most active on the left, but much less on the right, though it was 
not entirely absent. Next day more thorough examination of the animal revealed a 
condition of total blindness towards the right, and evidently, also, some impairment 
towards the left. 

Hearing was also impaired, if not abolished on the right, as the animal did not turn 
its head to scratching sounds, &c., made near its right ear, as it did to sounds made on 
the left. 

No definite conclusions could be arrived at as regards taste or smell, but those senses 
did not seem to be affected, as the animal smelt at its food in the usual way and 
seemed to enjoy it. 

Tactile sensibility was still markedly defective on the light side. The animal could 
not be touched anywhere on the left side without its attention being roused, and 
causing it to put its hand to the spot, but the right hand, foot, and right side of tho 
tail could be touched without the animal seeming to be aware of the fact. Sometimes 
the difference seemed doubtful when the face "was touched. 

The right foot frequently slipped off the perch, and sometimes the animal rested with 
the toes of its right foot doubled up on the plantar surface. 

The same condition as to the various senses was again determined by careful exami- 
nation on the twelfth day after the operation. 

On the fourteenth day blindness to the right side continued, but vision to the left was 
now good. 

No difference could now be made out between the acuteness of hearing on the right 
and left. 

Defective perception of mere contact was still evident on the right side, and 
apparently more so on the foot than elsewhere. 

A month after the operation the defective perception of tactile stimuli was still 
observable on the right foot, but less so than before. The animal still seemed 
absolutely blind towards the right. 

Two months after the operation the animal was still absolutely hemiopic to the 
right,, but otherwise presented no abnormality. 

Ophthalmoscopic examination of the eyes four months after the operation did not 
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reveal any marked abnormality of the discs, but examination six months after the 
operation discovered signs of atrophy of the outer side of the right disc, which was 
the only one examined at this time. 

My colleague, Professor McHardy, reported, on examination of the discs nine months 
after the operation, and on comparison with those of a normal Monkey, that there was 
well marked atrophy and pallor of the outer side of both discs. 

The right herniopia continued till the animars death by chloroform eighteen 
months after the first operation. 

Post-mortem examination . — The dura, mater was adherent over each occipital lobe, 
at a point corresponding to the anterior extremity of the first occipital sulcus. The 
occipito-temporal region of both hemispheres was also more or less adherent to the 
dura mater of the middle fossa, more on the left than the right. 

When the hemispheres were removed it was found that the cranial nerves were 
intact, but the right optic nerve was only about half the size of the left — the difference 
being greatest in the vertical diameter. 

The optic tract on the rigid side was quite normal, and could be followed round the 
crus to the corpora geniculata freely without any sign of adhesion or injury. 

The left optic tract was appreciably thinner and flatter than the right, and on being 
followed round the crus it was found that the portion proceeding to the corpus 
geniculatum externum had been sheared off by the cautery. The portion passing to 
the corpus geniculatum internum was intact, as well as the braehium of* the testis. 
Put the anterior braehium and the anterior tubercle of the corpora quadrigemina 
were distinctly smaller than on the right side. There was no lesion of these parts, 
however. The cautery had, with the most remarkable precision, just grazed and 
divided the optic tract at its junction with the corpus geniculatum externum, leaving 
everything else uninjured. 

Right hemisphere . — At the anterior extremity of the first occipital sulcus on the 
convex aspect of the occipital lobe there was an erosion where the membrane was 
adherent; and in the centre of this an orifice, the point of entrance of the cautery. 
The course of this, not visible on the surface otherwise, was indicated by a small rent, 
a few millimetres in extent, situated at the lower extremity of the inferior or third 
temporo-sphenoidal convolution, external to the anterior extremity of the gyrus 
hippocampi The course, therefore, of the sinus corresponded almost exactly with the 
collateral fissure. 

The exit of the cautery is marked by a X on fig. 1 10. 

Left hemisphere . — On the convexity of the left occipital lobe above the anterior 
extremity of the first occipital sulcus there was an erosion similar to that on the 
right, trenching on the posterior limb of the angular gyrus. In the centre of the 
erosion was a deeper depression, indicating the entrance of the cautery. The direction 
of the cautery was next indicated externally by a groove in the gyrus hippocampi, 
internal to the collateral fissure. 
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At the anterior extremity of this groove the track of the cautery became lost to 
sight, it having penetrated the lower extremity of the teinporo-sphenoidal lobe external 
to the anterior extremity of the gyrus hippocampi. 

At this point there was some adhesion of the cortex to the dura mater, and some 
damage was done to the brain in separating it. 

The brain was hardened in bichromate of ammonia, and owing to too long immersion 
was so brittle that the sections frequently broke. It was cut parallel to the fissure of 
Kolando, but the plane of section was not quite transverse, sloping more towards the 
left. This explains the obliquity presented by the sections on Plate 29, figs. 111- 
11G, arranged from before backwards. Owing also to the anti-actinic colour of 
the sections the prints are rather indistinct in details of structure. 

The sections show that on the right side (on the observer’s right) the cautery had, 
after penetrating the medullary fibres of the occipital lobe, struck into the descending 
cornu of tho lateral ventricle. The posterior extremity of the hippocampus was almost 
detached by division of the medullary fibres (lig. 1 16). Fig. 115 shows a point where 
the cautery penetrated the hippocampus. More anteriorly the cautery left the hippo- 
campus itself and emerged gradually, dividing some of the medullary fibres of the 
hippocampal region. 

In figs. Ill and 1 12 there is some rupture of the fibres of the internal capsule, due 
to the brittleness of the sections and injury in mounting. 

The corpora quadrigemina, crura, pulvinar and optic tract are altogether free from 
lesion on this side. 

in the left hemisphere the lesion is more extensive. 

Fig 116 shows the region of the posterior cornu and base of the hippocampus 
almost entirely broken up. and a similar condition is seen in fig. 115. 

Figs. 114 and 1111 show where the cautery struck and carried away the optic tract 
and corpus geniculatum externum, while the corpus geniculatum internum and 
pulvinar of the optic thalamus are uninjured. 

The cornu ammonia in this region has been extensively injured and portions of the 
gyrus hippocampi have also been destroyed, though the outer half of this gyrus was 
not originally in the track of lesion, though somewhat incomplete in the sections 
ow r ing to their having broken off. 

Further forwards the cautery penetrated the under surface of the lenticular nucleus 
and divided the fibres of the external capsule, and so injured the inferior temporo- 
sphenoidal region that the sections could be with difficulty kept with all the parts in 
situ. The anterior extremity of the cornu ammonis was considerably injured, though 
not entirely destroyed. The medullary fibres of the superior temporo- sphenoidal con- 
volution were seen to bo ruptured in many of the sections (fig. 1 12), but in others 
(fig. Ill) they were not, or only partially, divided. 

Remarks . — This experiment is recorded as possessing some features of importance, 
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though the lesions were somewhat complex, and, owing to the condition of the brain, 
not very easy of exact estimation. 

The temporary hemiopia to the left side is readily explicable by the lesions of the 
cortex and medullary fibres of the occipito-angular region. The very evident impair- 
ment of tactile sensibility of the left side — sensibility to mere contact being apparently 
completely abolished during the first two or three days, and deficiency being still 
observable for a whole fortnight after the operation — would seem to be in direct 
relation to the injury of the hippocampus and its medullary fibres, as this was the 
only lesion beside that of the medullary fibres of the posterior lobe. 

The more extensive, destruction of the hippocampal region in the left hemisphere 
was associated with a more prolonged impairment of tactile sensibility on the right 
side, though from the first this was not abolished. There was also temporary impair- 
ment or abolition of hearing on the right, a fact which receives its explanation in the 
injury inflicted on the medullary fibres of the superior temporo-sphenoidal convolution. 

The lesion of the occipito-angular region reinduced for a time the impaired vision 
towards the left which had resulted from the lesion in the right hemisphere, but which 
had been recovered from ; but the persistent right hemiopia was evidently due, as had 
been diagnosed during life, to the lesion of the left optic tract. 

In consequence of this lesion there was atrophy of the brachium and anterior 
tubercle of the corpora quadrigemina on the left side, and atrophy of the right optic 
nerve. T1 lis showed itself during lifo in well-marked atrophy of the outer sector of 
both optic discs. 

The lesion in the left hemisphere implicated a portion of the basal aspect of the 
lenticular nucleus, but beyond the slight awkwardness of the movements of the left 
limbs, which might have been due to their defective sensibility, there was no other 
motor defect. 

Experiment 2G (Plate 30, figs. 117-124). 

In this animal the left hemisphere was exposed over the region where the middle 
temporo-sphenoidal convolution becomes continuous with the occipital lobe, the object 
being to obtain a better guide for directing the cautery along the hippocampal region. 
The wire cautery was passed through the convexity of the occipital lobe, above the 
annectent gyrus, downwards and forwards, with a view to break up the hippocampal 
region. (As to the actual course, see the post-mortem examination.) 

The animal, when let loose after the dressing of the wound, began to sprawl about 
almost immediately, and within a few minutes had climbed up on its usual perch. The 
limbs were all moved freely, but frequently the right foot slipped or was planted 
awkwardly. Tested with a heated wire, there was less marked sign of feeling on the 
right side than on the left, but sensation was evidently not abolished. 

An hour after the operation the animal was very active, running about its cage 
without any sign of weakness of the limbs. Vision seemed impaired towards the right, 
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but it wan not entirely abolished, and the animal did not knock its head against obstacles 
on the right side. The signs of sensation on the right side were, however, less 
vigorous than on the left. Hearing was apparently unimpaired on the right, as the 
animal turned its head equally sharply to sounds made close to its right ear as on 
the left side. 

Beyond the slight defect in tactile sensibility and vision towards the right, there 
seemed nothing abnormal. 

Next day the animal was in excellent health and vigour. No tactile anaesthesia 
could be discovered ; hearing was acute on both sides ; and vision, though apparently 
defective, continued towards the right. 

Nothing else worthy of note was observed, and the animal continued well, with 
perhaps impaired vision towards the right, for three weeks, when the right occipital 
lobe was exposed posteriorly, and a wire coated with perchloride of iron was pushed 
through the extremity of the occipital lobe downwards and forwards, approximately 
along the hippocampal region. 

When the animal had regained consciousness, immediately after the surgical dressing, 
a heated point applied to the left hand and foot caused scarcely any perceptible sign 
or reaction, whereas when it was afterwards applied to the right the most lively signs 
of sensation were induced. 

Half an hour afterwards this was repeated with precisely the same result ; and an 
hour after the operation a touch with a stick on the right side at once attracted the 
animal’s attention, but no sign of perception was seen when the same stimulus was 
applied to the left. 

Half an hour subsequently, a watch held near the ear caused twitching of the auricle 
on either side equally, and caused the animal to look round to the right and left 
accordingly. Hearing was thus seen to be retained on both sides. But the left 
auricle was touched and rubbed gently with the finger without causing the slightest 
appearance of consciousness, whereas the slightest touch on the right ear caused the 
animal to look and move away. 

Similar observations were repeated and the same indications of total loss of percep- 
tion of mere contact were obtained. The reaction to a heated point was not entirely 
abolished, but the signs of sensation were much less active than on the right. 

Next day various tests were applied in respect to tactile sensibility. There still 
appeared total loss of sensation of mere contact, though painful stimuli were felt to 
some extent. While the animal was resting quietly, ruffling the hair and tickling 
the skin with a long stick on the right side invariably caused the animal to scratch the 
part ; but the same stimulus on the left side caused not the slightest sign of perception. 
When the point, instead of merely ruffling the hair, was pressed deeply, the animal 
seemed suddenly to be aware of something and moved away. This test was repeatedly 
performed with precisely the same result. A heated wire excited attention on the left 
side, but the signs of feeling were much less lively than on the right. Hearing was 
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evidently acute on both sides. Vision, however, was profoundly impaired on both 
sides, but no definite determination could be made as to the exact condition on each 
side. 

On the third day on the animal being tested as regards tactile sensibility there was 
still very perceptible impairment on the left side, though not so great as before. 
Vision was still defective, but it was not yet clear how much each eye was relatively 
affected. 

There was still less reaction to heat on the left side than on the right. Ammonia 
held before the nostrils respectively, caused more active reaction on the right side. 

On the ninth day the difference as to reaction to tactile stimulation on the two sides 
was barely perceptible. Vision was still defective, but during the next few days 
further tests showed that there was absolute hemiopia towards the left, while vision 
was retained towards the right. The animal readily seized food, &c., offered it on the 
right, but lost it towards the left. 

From this time onward no further change occurred, the animal remaining absolutely 
blind towards the left. It was killed with chloroform nearly three months after the 
first operation. 

Post-mortem examination . — On removal of the brain it was seen that on cutting the 
cranial nerves the right optic nerve was considerably smaller than the left. 

The under surface of the temporo-sphenoidal lobes was in points adherent to the 
dura mater in the middle fossae, corresponding to the lesions of the hemispheres about 
to be mentioned. 

There was no effusion, and the crura cerebri, pons, and other structures at the base 
were absolutely normal in appearance. 

On tracing the optic tracts, which was readily done, there being no adhesion of the 
pia mater to them, they could be clearly followed to the corpora geniculata. On the 
right side, close to the lesion in the hemisphere, there was a yellowish look of the 
corpus geniculatum externum and extremity of the pulvinar ; but there was no soften- 
ing or solution of continuity, and the discoloration was removed with the pia mater, 
being of the nature of mere imbibition from the adjacent lesion of the hemisphere. 
The corpora quadrigemina and the anterior brachia wero clearly distinct and normal in 
appearance. 

Left hemisphere . — On the convex aspect of the occipital lobe, at the anterior 
extremity of the first occipital sulcus, there was a deep incision running parallel to the 
parieto-occipital fissure and extending upwards almost to the longitudinal fissure ; the 
upper extremity running into this fissure. It was seen that the occipital lobe was thus 
injured to a much greater extent than had been supposed in the first operation. This 
deep gash in the occipital lobe led downwards and forwards to a sinus which became 
visible as a round hole in the middle of collateral fissure. From this point a groove 
extended forwards, following the course of the collateral fissure to its anterior extremity. 
The gyrus hippocampi was injured at the margin of the collateral fissure where the 
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cautery emerged from the occipital lobe, but the greater portion remained intact. (Mee 
Plate 30, fig. 117.) 

Right hemisphere . — The occipital lobe was much injured and broken up at its 
posterior extremity. This lobe was truncated owing to the complete removal of the 
posterior extremity, and the cortex was removed in the middle of the lobe as far as 
the parieto-occipital fissure. 

The under aspect of the lobe was completely hollowed out by a sinus which occupied 
the position of the calcarino fissure and its margins. These were entirely destroyed. 
Thence downwards and forwards a remarkable appearance was presented. The gyrus 
hippocampi was completely shelled off the cornu ammonis as far as the region of the 
uncus, the cornu ammonis with the fascia dentata being thus exposed to view as if by 
an exquisite dissection. (See fig. 1 17.) 

The internal margin of this, adjoining the optic tract, was absolutely uninjured, and 
the fimbria of the fornix, and the taenia scrnicircularis wore beautifully displayed on 
drawing the parts slightly asunder. 

In the figure the course of the optic tract to the corpora geniculata and pulvinar 
has been exposed by tearing off the pia mater and slight separation of the parts from 
each other. 

Sections were made of the brain obliquely downwards and forwards, parallel to the 
fissure of Rolando, of which sun-prints are seen in figs. 118-124. The plane of 
section was not at right angles to the long axis, but sloped somewhat towards the 
left, thus causing some obliquity in the sections. The plane of section strikes the 
convexity of the occipital region and middle of the hippocampal region. 

Figs. 1 18—1 1!) (L), and 120-121 (R) show the appearance presented by the sections 
which have not yet struck the central ganglia. On the left side the track of the 
cautery is seen to divide the medullary fibres and cortex of the gyrus hippocampi at 
the region where it emerged in the collateral fissure ; but the hippocampus itself and 
the gyrus hippocampi internally are intact, as was also seen in the photograph of the 
brain (fig. 117). 

The right occipital lobe in the region of the calcarine fissure is hollowed out, the 
walls of this fissure being entirely destroyed, and in continuity with this the gyrus 
hippocampi has been peeled off’ the cornu ammonis which is free and uninjured; — 
being attached only by some of the medullary fibres proceeding to it. 

In fig. 122, which cuts the region of the corpora quadrigemina and posterior aspect of 
the optic thalami and the anterior extremity of the hippocampal region, a notch on 
the left side, external to the gyrus hippocampi, indicates a transverse section of the 
groove which ploughed along the collateral fissure ; aDd a notch on the under surface 
of the gyrus hippocampi on the right side indicates the termination of the lesion 
which peeled off this gyrus from the cornu ammonis. 

In figs. 123 and 124 on the left side the groove in tho collateral fissure is still seen, 
but penetrating less deeply into the medullary fibres of the hippocampal region ; while 
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on the right side the extremity of the cornu ammonis and nucleus amygdalae are seen 
intact. The central ganglia, crura, and optic tracts are free from lesion throughout. 

Remarks . — The lesion of the left hemisphere in this case, apart from that of the 
occipito-angular region, divided a portion of the medullary fibres of the gyrus hippo- 
campi and cornu ammonis, but the greater portion of these structures was uninjured. 
Slight and transient impairment of tactile sensibility only resulted. The impairment 
of vision towards the right would be accounted for by the lesion of the occipito-angular 
region ; so that the transient impairment of tactile sensibility would be in relation with 
the injury to the medullary fibres of the hippocampal region, as this was the only other 
portion of the brain which was the seat of lesion. There was no defect as regards 
hearing ; and there was no lesion of the superior temporo-sphenoidal convolution. 

On the right side, apart from the lesion of the occipital lobe, the destruction was 
limited in a most remarkable manner to the gyrus hippocampi, the whole of which, 
with the exception of the anterior extremity and portion immediately adjoining the 
collateral fissure, had been removed. The hippocampus itself, and the greater portion 
at least of its medullary fibres, had escaped injury. With this lesion of the gyrus 
hippocampi was associated, in evident causal relationship, a very marked impairment 
of tactile sensibility in all its forms. This, however, gradually diminished until at 
the end of ten days it ceased to be discoverable. 

Hearing was not in the slightest degree impaired by this bilateral cerebral lesion. 

The condition as to vision was rather a difficult one to determine as regards each 
eye. But it was clearly not dependent on any lesion of the optic tracts or nerves. 
All that could be made out was that vision was not permanently abolished towards 
the right side, but whether the hemiopia was symmetrical or not was not determined. 

The atrophy of the right optic nerve was purely secondary to the destruction of the 
visual centres of the cortox, and was not due to any direct injury of the optic tract or 
its connexions with the corpora quadrigemina or corpora geniculata. 

The fact that the right optic nerve was specially atrophied showed that the cerebral 
centres in relation with the right eye bad specially suffered ; but an exact estimation 
of the amount of lesion in the cortex and medullary fibres of the occipito-angular 
region in each hemisphere could not be made. 

Experiment 27 (Plate 31, figs. 125-132). 

In this case the left hemisphere was exposed in the region of the incisura prse-occi- 
pitalis and pli de passage from the middle temporo-sphenoidal convolution to the occipital 
lobe. With the aid of a director passed between the under surface of this region and 
the tentorium eerebelli, the third occipital convolution was divided by a horizontal 
incision, and another incision continuous with this was carried along posterior to the 
middle temporo-sphenoidal convolution. The portion of brain included between these 
two incisions, viz. : the inferior occipital, the lower temporo-sphenoidal convolution, and 
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the hippocampal region, were scooped out ; care being taken to avoid going too far 
inwards and inflicting injury on the optic tract and crus cerebri. The exact extent of 
the injury inflicted could only be determined however on post-mortem examination. 

Within half an hour after the operation the animal was quite on the alert, and was 
able to sit up, hut it rested with the right hand doubled up, and frequently fell over 
on the right side when it tried to move. 

At this time and for the next hour the animal allowed a heated wire to lie in 
coni, act with the right hand and foot altogether unheeded, the faintest touch on the 
left caused the most lively signs of sensation. 

The whole of the right side was gently touched and rubbed, or deeply pricked and 
pinched without the slightest sign of sensation ; whereas on the left the animal’s 
attention was invariably excited and directed to the part touched. 

Hearing was retained on the right side as acutely, to all appearance, as on the 
left ; the slightest scratching or tapping near the right ear causing the animal to look 
round, precisely as it did on the left. When the animal had its eyes shut the 
slightest sound near its right ear caused it to open its eyes and look. 

As to vision there was some doubt as to whether this was affected towards the 
right. To the left it was undoubtedly retained. 

The animal sat with the right hand sprawling outwards. While it was so resting, 
and with its eyes shut, 1 drew away the right arm until the animal fell over, without 
its having opened its eyes or shown the least sign of perception. The muscular sense 
of the right arm was thus shown to be abolished, and the awkward position and 
doubling up of the right limbs would he similarly accounted for. 

Next day the condition of the animal was essentially the same. It planted the 
right hand and foot in an awkward and abnormal manner and continually tended 
to fall over on this side. But there was no motor paralysis. It used the right hand 
and foot for grasping purposes, and when laid hold of it struggled and gripped firmly 
with all four limbs. 

The eyes were open equally, the pupils of moderate size, equal and contractile. 

Vision seemed somewhat impaired towards the right, but not abolished, as the 
animal was able to put out its right hand to lay hold of a chestnut offered it on the 
right, but it did so with a little uncertainty and want of precision. 

Hearing was unimpaired on the right side. 

Tactilo sensibility was still almost nil on the right side. The animal allowed a 
degree of heat against any part of its right side without the slightest sign of per- 
ception or uneasiness, which immediately caused the most lively manifestations of 
pain on the left side. 

It paid no attention whatever to touching or scratching the right hand or foot with 
the point of a stick. When this was done on the left the animal invariably tried to 
lay hold of the stick and push it away or angrily bite it. 

The animal being then taken out of the cage and held firmly, a spill of paper 
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introduced into the right nostril caused little or no sign of uneasiness, whereas on the 
left the animal made a violent grimace and active endeavour to escape. 

The vapour of ammonia in the left nostril caused very active wincing. On the 
right the reaction was much less marked. 

On testing the resistance of the limbs, that of the right seemed much less than on 
the left, but every movement was carried out on the right as well as left. 

The tendency to fall down on the right side was specially seen when the animal dozed. 
When resting on its perch it frequently slipped on the right, and only succeeded in 
recovering its balance with the aid of the left limbs. 

The animal, which seemed quite well in general health on the second day, was 
found dead on the third day from some unknown cause. 

Post-mortem examination . — The edges of the wound looked rather inflamed, which 
made it appear as if the antiseptic precautions had not been successful. The signs of 
inflammation and slight oozing were, however, entirely confined to the tissues of the 
scalp and edges of the wound. 

There was no hernia cerebri, and there was no effusion on the surface of the bruin ; 
but on removal of the brain the left middle fossa was found filled with a recent clot 
which had come from the injured surface of the brain, and which was evidently the 
cause of death. The effusion did not extend to the base of the brain. 

All the cranial nerves were intact and normal, and so also were the pons, medulla 
oblongata, and cerebellum on its upper and under surface. 

On carefully sepaiating the gyrus hippocampi from the optic tract and crus on the 
left side, the inner margin of the gyrus was found uninjured and not adherent to the 
optic tract or crus. The optic tract was followed readily to the corpora geniculata, 
pulvinar and corpora quadrigemina, all of which were uninjured. (See lig. 125.) 
Along the inner edge of the gyrus hippocampi, the fimbria of* the fornix, and the 
t&enia scmicircularis were seen intact, and could be followed to the uncus gyri hippo- 
campi, which with the outer root of the olfactory tract was uninjured. 

With the exception of a portion of the gyrus hippocampi (lingual lobule) imme- 
diately adjoining the calcarine fissure, the whole of the hippocampal region and inferior 
temporo-spbenoidal region had been destroyed. The lesion trenched on the middle 
tern poro- sphenoidal convolution (fig. 126), but the greater portion of this remained 
uninjured. The inferior occipital convolution was also carried away. 

The lesion might be described as an incision following the line of the second occi- 
pital sulcus continued to the extremity of the second temporo-sphenoidal sulcus, 
extending horizontally inwards and detaching the whole of the occi pi to- temporal sur- 
face of the hemisphere, as far as the hippocampal fissure, and within a short distance 
of the calcarine fissure. 

Frontal sections through the left hemisphere (figs. 127-132), arranged from behind 
forwards, show that some portions (fig. 127) still remained of the gyrus hippocampi 
and hippocampus itself in the neighbourhood of the calcarine fissure. In fig. 129, 
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the region of the pulvinar and corpora geniculata, everytliing is gone below the 
middle temporo-sphenoidal convolution, a portion which also is gone. Fig. 130 is a 
section somewhat further forwards showing essentially the same condition ; while 
figs. 131 and 132, in the region of the lenticular nucleus, show the similar completo 
removal of the hippocampal and inferior temporo-sphenoidal region, everything else 
being absolutely intact. 

Re mar fa. — The destruction of the hippocampal region in the manner carried out in 
this experiment involves many risks and is purely a matter of calculation founded on 
anatomical measurements of the probable depth of the parts which it is desired to 
reach, as they cannot be exposed to view. 

From an operative point of view the experiment left little to be desired, but un- 
fortunately when all seemed to be going well it was cut short, apparently by secondary 
luemorrhage from the injured surface. Hence was lost an opportunity of determining 
the permanency of the condition of total hemianalgesia and hemiansesthesia so well 
manifested in this case. In addition to the insensibility to pain and contact, 
cutaneous and mucous, the condition of the limbs indicated loss of the so-called 
muscular sense. There was no motor paralysis — every volitional movement being 
capable of being carried out. But the awkward manner in which the animal planted 
its limbs, and slipped and fell repeatedly on the right side, especially when its atten- 
tion was withdrawn, is typical of the condition termed loss of the muscular sense. 
Hearing was absolutely unimpaired on the right side, and it is seen that there was 
no lesion of the superior temporo-sphenoidal convolution. 

The only abnormality besides loss of tactile and muscular sensibility on the right 
side was slight, impairment of vision towards the right — a condition readily explicable 
by the lesion of the cortex and medullary fibres of, the occipito-angular region. 

The total absence of lesion in the crus, central ganglia and internal capsule, and 
the accurate limitation of the lesion to the hippocampal and lower temporo-sphenoidal 
region, proves conclusively that in this region are situated the centres of tactile and 
muscular sensation. 


Experiment 28 (Plate 31, figs. 133-140). 

In this case, as in Experiment 27, the left hemisphere was exposed in the region of 
the junction of the temporo-sphenoidal with the occipital lobe, and at this point a 
horizontal incision was made with a wire cautery guided by a director, and another 
along the second temporo-sphenoidal fissure with a view to separate and detach the 
inferior temporo-sphenoidal convolution and hippocampus, as in the last experiment. 
The operation was effected with little haemorrhage, and the animal in the course of 
a?i hour was able to make efforts to sit up, moving all four limbs, but always falling 
over on the right aide as soon as it gained the upright position. 

At this time, and for two hours after the operation, frequent observations showed 



LESION OF DIFFERENT REGIONS OF THE CEREBRAL HEMISPHERES. 549 


that there was no reaction to a heated point placed against the right hand or foot, 
whereas on the left the signs of sensation were most active. 

No determination could be made as to hearing or vision, as the animal would not 
respond to such tests as were employed. Next day the animal was well and vigorous, 
and able to run about and climb up the bars of its cage hand over hand. There was 
no trace of motor paralysis. 

Hearing was equally acute right and left, judged by the response to the slightest 
sound close to each ear respectively. Vision seemed slightly impaired towards the 
right. The animal seized a piece of carrot offered it on the right, but it seemed to 
be somewhat uncertain as to the exact position. Tactile sensibility was profoundly 
impaired, though extreme heat caused withdrawal of the right hand and foot, yet a 
degree of heat which caused active signs of uneasiness on tho left was allowed against 
the right hand and foot without any sign whatever. Pricking with a pin all over the 
right side was allowed without any appearance of sensation, whereas on the left 
the animal invariably winced and struggled to escape. Scratching the right groin and 
flank with the point of a stick caused no sign of perception, whereas the same on the 
left caused the animal to twitch its flank as if to shake oft' a fly in this region. A 
spill of paper introduced within the right nostril caused barely any sign, whereas on 
the left an active grimace of uneasiness was caused. 

It was observed while quietly eating a piece of carrot which it held in his left hand 
to accidentally drop the piece, and though it fell in contact with the right hand, the 
animal did not seem aware of the fact, and groped about with its left hand till it 
found it. 

On the third day the animal appeared in much the same condition, but it did not 
seem so inclined to run about spontaneously as before. Tactile sensibility was still 
profoundly impaired on the right side as before. 

During the afternoon of this day the animal had an attack of unilateral spasm 
of the right side, lasting a few seconds, and apparently without loss of consciousness. 

Some time after this when the sensibility was again tested, there seemed to be 
almost complete analgesia over the whole of the right side, lleat which excited lively 
sensation on the left, caused no indication on the right ; and there was no sign of 
perception of tickling, pricking, &c., on this side. 

The right limbs were used now very awkwardly, and occasionally doubled up so 
that the animal fell over on the right. 

On the fourth day this doubling up of the limbs, and planting them in unnatural 
positions continued, so that the animal continually slipped and fell over on the right. 
But when it was taken out and examined, it was found that every volitional move- 
ment of the limbs was capable of being carried out, and the animal could grip with both 
hand and foot on the right as well as on the left. Tactile sensibility, as regards touch, 
tickling, &o , wras absolutely abolished on the right side, the same stimulus invariably 
attracting the animal’s attention on the left. 
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A heated wire seemed not at all perceived on the right foot, and if at all only 
barely on the right hand. The same stimulation on the left caused active signs of 
sensation. Tickling of the right nostril with a spill of paper caused no particular 
sign, whereas on the left the animal resented it much and made grimaces of un- 
easiness. 

It laid hold of food offered it almost exclusively with the left hand. Occasionally it 
used the right and allowed the things to drop. 

These observations were made in the morning of the fourth day. The animal was 
found dead in the evening. 

Post-mortem examination . — On removal of the dressings the edges of the wound 
were found united except at the anterior extremity. There was no suppuration. On 
reflection of the integuments, a clot was found projecting from the orifice of the 
skull, above the left ear. On removal of the brain the left middle fossa was found 
filled with a quantity of broken-down cerebral substance and recent effusion which had 
come from the injured temporo-sphenoidal lobe. There was no appearance of in- 
flammation or suppuration either on the convexity or base of the brain, and no 
effusion except the recent hcemorrhage in the middle fossa. 

The cranial nerves were intact, and the cerebellum uninjured. The pia mater 
stripped readily from the whole surface. The optic tracts, corpora geniculata, corpora 
quadrigemina and crura cerebri were perfectly normal. The inner margin of the 
gyrus hippocampi was intact, with the exception of a fissure which ran across it at 
the lower third (fig. 134). 

The left hemisphere in the region of the incisura prse-occipitalis (fig. 133) was 
somewhat eroded and raised above the surrounding cortex, and from thence in the 
occipito temporal aspect of the hemisphere there was an irregular lesion destroying 
the inferior temporo-sphenoidal convolution, and, as seen superficially, the middle of 
the gyrus hippocampi across which a crack ran into the hippocampal fissure. 

The surface of the region of the uncus seemed intact, and also the region between 
the calcarine and collateral fissure — the lingual lobule. 

Frontal sections of the hemisphere (figs. 135—140), at right angles to the longi- 
tudinal axis, showed that the region of the calcarine fissure — the calcar avis — 
was intact. But opposite the point where the calcarine and hippocampal fissures 
became continuous with each other (fig. 135) the lesion broke down the external wall 
of the posterior cornu of the lateral ventricle, and continuing forwards as seen in 
figs. 136, 137, and 138, entirely detached the inferior temporo-sphenoidal and hip- 
pocampal region. Further in advance (fig. 139) portions of the hippocampal region 
still remained attached, but the medullary fibres were yellowish and softened and 
nearly severed. 

At the extremity of the descending cornu and region of the nucleus amygdalae 
the cortex and medullary fibres were uninjured (fig. 140). 

Apart from the lesion of the cortex and medullary fibres of the inferior temporo 
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sphenoidal and hippocampal region there was no oilier injury ; the optic tracts, crus 
cerebri and basal ganglia being absolutely intact. 

Remarks . — In this case there was some reason for believing that the antiseptic 
arrangements were defective, and that in consequence the primary lesions had become 
the centre of secondary inflammatory processes, shown in the unilateral spasms on the 
third day and subsequent secondary haemorrhage. 

The symptoms of anaesthesia also became intensified. Though at first these were of 
a most pronounced character, sensibility to mere contact being abolished, but anal- 
gesia not complete, on the third day tactile sensibility in all its forms was completely 
abolished. Though there was no motor paralysis, the manner in which the limbs 
were used indicated also abolition of the so-called muscular sense. 

Hearing was throughout unimpaired, and vision to the right was only slightly 
impaired, due evidently to the lesion inflicted on the cortex and medullary fibres of 
the visual centres. 

Again the attempt was unsuccessful to maintain the animal alive for any lengthened 
period of observation. Another similar attempt was made in the following experi- 
ment. 

Experiment 29 (Plate 32, figs. 141-148). 

In this case the left hemisphere was exposed as in the two previous experiments 
over the region of the incisura pne-occipitalis, and the hemisphere incised with the 
cautery horizontally underneath the inferior occipital convolution, and also along the 
posterior border of the middle temporo-sphenoidul convolution ; the portion between 
the two incisions being disorganised as much as possible without injuring the crus, 
so far as could bo judged. 

The animal an hour and a half after the operation was able to sit up, using all four 
limbs freely, but always fell over on the right side, the limbs on this side seeming 
suddenly to give way. At this time the slighest scratching dr sound made near the 
right ear caused tho animal to open its eyes and look round to this side. 

Tactile sensibility, tested with heat, was profoundly impaired, there being scarcely 
any reaction on the right side to a degree of heat which caused the most lively signs 
of feeling on the left — on the face, hand and foot. 

Next day the animal was in excellent health and vigour. Hearing and vision to 
the right side were unimpaired. It turned sharply to the slightest sound near the 
right ear, and picked up food, and took things held to its right side. Tested with 
heated point there was some reaction to severe stimulation on the right, but much 
less than on the left. While the animal was holding by the bars of tho cage with 
both hands, a heated wire applied to the right hand caused no movement, but placed 
directly after — and so much cooler — on the left hand caused the animal to withdraw 
this hand sharply and rub it vigorously. 

Similarly as regards pricking the hands with a pin. A spill of paper introduced into 
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the left nostril caused active retraction of the head and a snort or sneeze, whereas on 
the light very little movement was excited. 

The animal, which appeared quite strong on the evening of the second day, was found 
dead on the morning of the third day. 

Post-mortem examination . — On removal of the dressings it was found that a recent 
haemorrhage had occurred filling the left middle fossa, and extending from this to some 
extent over the convexity of both frontal lobes. 

On removal of the brain it was found that the cerebellum, pons, medulla oblongata 
and all the cranial nerves were uninjured. The crura cerebri and corpora quadrigemina 
were intact. The optic tracts were uninjured, and readily traceable to the corpora 
geniculata. 

The brain was everywhere uninjured except in the left occipito-temporal region. 
The inferior temporo-sphenoidal convolution and anterior portion of the inferior occi- 
pital convolution had been disorganised by an irregular section which extended 
across the collateral fissure into the outer half of the gyrus hippocampi. The surface 
of the section was ragged and the whole of the inferior temporo-sphenoidal, and outer 
half of the gyrus hippocampi thoroughly disorganised. The inner half of the gyrus 
hippocampi was quite free from lesion, and of a normal aspect on the surface (fig. 141). 

The lingual lobule was intact. 

Frontal sections of the left hemisphere (Plate 32, figs. 143-1 48) arranged from before 
backwards, showed that in the region of the nucleus amygdalae (fig. 143) there was a 
superficial lesion of the gyrus hippocampi adjoining the extremity of the collateral 
fissure, penetrating more deeply and dividing the medullary fibres slightly posterior to 
this (fig. 144). Further back (tigs. 145 and 1 4G) the lesion had destroyed the cortex of 
the outer half of the gyrus hippocampi, and completely severed the medullary fibres of (he 
cornu ammonis, which itself was intact. Still farther back (tig. 147) the cortex of the 
gyrus hippocampi was entirely removed externally, and also the cortex of the inferior 
temporo-sphenoidal region. The cornu ammonis still remained connected with the 
fimbria. At thejunction of the posterior and inferior cornua (fig. 148) the lesion gradually 
came to an end with destruction of the cortex on each side of the collateral fissure, and 
partial lesion of the medullary fibres of the base of the cornu ammonis. 

Remarks . — This case, like the two former, was again unsuccessful so far as related 
to the opportunities of continued observation. But it again demonstrates the 
important fact that destructive lesions implicating only the inferior temporo-sphenoidal 
and hippocampal region cause profound impairment of tactile sensibility, in all its 
forms, without any motor paralysis whatever. 

In this case also there was no appreciable impairment of vision due to the com- 
paratively slight, if any, injury to the occipito-angular region. Hearing also was 
unimpaired, aud as before, the superior temporo-sphenoidal convolution was entirely 
free from lesion. 
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Experiment 30 (Plate 33, figs. 149-15G). 

In this case the right hemisphere was exposed over the incisura pne-occipitalis, and 
an incision was made with the cautery along the posterior border of the middle temporo- 
sphenoidal convolution, and another from the upper extremity of this incision horizon- 
tally inwards below and parallel to the second occipital sulcus, the parts between the 
two incisions, viz., the inferior temporo-sphenoidal convolution and hippocampal region, 
being considerably broken up. 

An hour after the operation the animal was able to sit up and use all its limbs, 
though the left seemed awkward. It could use its left hand to pick up pieces of food, 
but occasionally let them drop. Sight to the left was retained, as the animal put out 
its left hand to lay hold of, and push away a stick made to approach its left side. It 
was also seen to pick up a piece of potato lying to its left side. Hearing on the left 
side was undoubted, the slightest scratching or similar sound near the left ear causing 
the animal to turn sharply round and look. 

Tactile sensibibility was much impaired, but not entirely abolished, on the left side. 
Heat caused much less indication of painful sensation on the left as compared with the 
right. 

Next day the animal was in good health and vigour. 

Sight and hearing were equally acute on both sides. There was no motor paralysis. 
Tactile sensibility was still impaired. The fingers of the left hand could be touched 
gently, or rubbed, without attracting the animal’s attention ; whereas the same on the 
right caused the animal to look or move away from its position. The reaction to heat 
was less active than on the right side — determined by the grimaces and movements of 
the animal. 

On the fourteenth day it was impossible to determine any difference as regards the 
tactile sensibility on the two sides. The animal seemed in perfect health. On this 
day the left occipital lobe was exposed posteriorly, and a wire cautery pushed through 
it downwards and forwards, approximately in the course of the hippocampal region. 

An hour after the operation, while the animal was sitting up, but leaning towards 
the right, thermal stimulation of the left and right side respectively showed that, 
though severe stimulation caused signs of feeling on the right, yet a degree of heat 
which excited lively signs of feeling on the left was allowed in contact with the right 
hand and foot without causing any movement or sign of uneasiness. 

There was total insensibility to mere contact. The right hand and foot could be 
touched or gently rubbed without any sign of perception on the part of the animal; 
whereas the same on the left caused the animal to look and move away from the 
disturbance. 

There was no motor paralysis. All the limbs were freely moved. But the animal 
for purposes of prehension used the left hand almost exclusively. Hearing to the right 
was undoubtedly retained. Further observations an hour later showed that vision 
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wsis unaffected towards the right side. The animal was seen to pick up a piece of 
apple lying to its right side. It was also able to crawl through an opening into the 
next cage without knocking its head on one side or the other. 

Next day the animal was found in a comatose condition, and was chloroformed to 
death. 

Post-mortem examination . — The dura mater stripped readily over the whole con- 
vexity of the brain, which was quite free from signs of inflammation or effusion ; and, 
with the exception of lesions to be described, the rest of the brain, with the cranial 
nerves, had a perfectly normal appearance. 

In the right hemisphere the posterior half of the middle temporo-sphenoidal, and 
the whole of the inferior temporo-sphenoidal convolution had been sheared off close up 
to the collateral fissure, the lesion extending slightly across it at the middle. But the 
gyrus hippocampi was on the surface almost wholly intact. 

On the left side in the middle of the convex aspect of the occipital lobe posteriorly 
there was a hole, the entrance of the cautery. This had penetrated the lobe down- 
wards and forwards and emerged in the line of the collateral fissure, cutting a deep 
groove here on the occipito-temporal surface of the hemisphere. At the lower 
extremity of the collateral fissure the cautery had again buried itself, and emerged at 
an irregularly-shaped orifice, situated at the inferior extremity of tho third temporo- 
sphenoidal convolution external to the tip of the gyrus hippocampi. 

The course of the cautery would be indicated by a straight line following the 
direction of the collateral fissure from the occipital lobe to the anterior extremity of 
the temporo-sphenoidal lobe. 

Frontal sections of the brain arranged from behind forwards (Plate 33, figs. 150-15G) 
show that in the right hemisphere (to the right hand) the lesion commenced near the 
junction of the posterior and descending cornu of the lateral ventricle, destroying 
the cortex of the inferior and posterior half or two-thirds of the middle temporo- 
sphenoidal convolutions, and extending so far inwards as in parts entirely to sever 
the medullary connexions of the hippocampal region, and in others so far as to render 
it impossible to mount the sections with all the parts in situ. 

The anterior third of the gyrus hippocampi and cornu ammonis were entirely free 
from lesion. 

In the left hemisphere it is seen that the course of the cautery was through the 
posterior cornu, destroying the cornu ammonis and the medullary fibres of the gyrus 
hippocampi as well as those passing to the inferior and middle temporo-sphenoidal 
convolutions. The cortex of the gyrus hippocampi formed a thin shell, enclosing 
broken-down debris. 

The anterior 'sections (figs. 1 55 and 156) show that the course of the cautery passed just 
external to the cornu ammonis itself, sevei'ing the gyrus hippocampi and its medullary 
fibres, and also Assuring and detaching the inferior and middle temporo-sphenoidal 
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region, as well as implicating to a slight extent the superior temporo-sphenoidal where 
it borders on the first temporo-sphenoidal fissure. 

The crura cerebri, internal capsule, and central ganglia are seen to be free from 
lesion in both hemispheres. 

Remarks . — This case shows that destruction of the whole of the inferior temporo- 
sphenoidal, and portion of the middle temporo-sphenoidal convolutions, with con- 
siderable destruction of the medullary fibres passing to the gyrus hippocampi and 
cornu ammonis, only partially impaired tactile sensibility on the opposite side. 

At first the impairment was very distinct, and amounted almost to analgesia, but 
this gradually gave way and ultimately entirely disappeared, so that within a fort- 
night it was not possible to discover any difference in the reactions of the two sides. 
Sight and .hearing were unimpaired from the first, and there was no motor paralysis. 

The subsequent destruction of the hippocampal, and medullary fibres of the 
inferior temporo-sphenoidal region on the left, induced almost absolute analgesia as 
well as complete insensibility to mere contact on the right side ; motor power, vision, 
and hearing being clearly retained. 

Unfortunately the permaneucy of the symptoms could not be determined owing to 
the death of the animal very shortly after the establishment of this lesion. 


Experiment 31 (Plate 34, figs. 157-1G3). 

In this animal the left hemisphere was exposed in the region of the incisura prie-oecipi- 
talis, and two incisions made with the cautery, one along the posterior border of the 
middle temporo-sphenoidal convolution, and another horizontally inwards from the 
upper extremity of this incision so as to divide the upper or posterior portion of the 
gyrus hippocampi from the rest. The portion of brain included between these two 
incisions was disorganised by the cautery, and the surface touched with perchloride of 
iron to arrest haemorrhage. 

An hour after the operation the animal, which had quite recovered consciousness, 
was very unsteady when it tried to move about, fulling down on the right side. 

Heat applied to any part of the right side caused barely any sign of reaction, 
whereas on the left the most lively signs of sensation were evoked. 

Some time subsequently while the animal was being held numerous tests were 
made as to tactile sensibility. Pricking and pinching the fingers and toes of the right 
side caused very slight if any indications of sensation, but on the left the same caused 
the animal to exhibit signs of uneasiness, rub the part, and struggle to get away. 
Tickling the interior of the right nostril caused no reaction, on the left the same 
caused the animed to rub its nostril with its hand and make a grimace. The animal's 
tongue protruded at the tip and the right side could be touched and pricked gently 
with the point of a pin without causing any reaction, whereas on the left the same 
caused the animal to rub at the part. 
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Within two hours after the operation clear evidence was obtained of retention of 
hearing in the right ear. While it was sitting dojsing, a slight whisper made near its 
right ear caused it to open its eyes and look round. No further observations were 
made this day, and next day the animal died suddenly before any further observations 
could be made. 

Post-mortem examination . — On removal of the dressings there were signs of recent 
haemorrhagic extraviisation at the orifice in the skull. On removal of the brain the 
left middle fossa was found filled with recent clot, some also having made its way to 
the anterior surface of the pons and medulla. 

There was no injury to the cranial nerves, crura, or cerebellum. On examination of 
the left hemisphere it was found that the posterior half of the middle temporo- 
sphenoidal convolution, the whole of the inferior temporo-sphenoidal convolution, and 
the gyrus hippocampi, except the inner margin, were broken up and destroyed. The 
region of the uncus was intact. The cornu ammonis itself, however, was still traceable 
among the debris at the bottom of the wound, and careful separation of the parts 
showed the fascia dentata, corpus fimbriatuin, optic tracts, corpora geniculata, and 
corpora quadrigemina perfectly intact. This is well displayed in Plate 34, fig. 157, 
where all these parts have been exposed to view by merely pushing the hemispheres 
upwards and forwards, and drawing them asunder. 

Microscopical examination. — Frontal sections of the left hemisphere (Plate 34, 
figs. 158-163) showed that the oceipito-temporal regions were so disorganised that 
they fell away from the rest on being cut, carrying the cornu ammonis and fimbria 
with them. At the anterior third of the gyrus hippocampi the lesion (fig. 162) did 
not entirely detach the gyrus hippocampi, and in the region of the nucleus amygdala) 
(fig. 163) a small hole indicates the termination of the lesion. 

Remarks . — In this case, in which again fatal secondary luernorrhage cut short the 
observations, the disorganisation of the inferior temporo-sphenoidal and hippocampal 
region was marked by the most profound anaesthesia of the opposite side of the body, 
both on the cutaneous and mucous surfaces. All the volitional movements were 
retained, but the manner in which the animal tended to fall over on the right side 
indicated the loss of the so-called muscular sense. 

Experiment 32 (Plate 35, figs. 164-172). 

In this case the posterior extremity of the left occipital lobe was exposed, and a 
director inserted between the under surface of this lobe and the tentorium cerebelli 
approximately in the direction of the gyrus hippocampi. A heated wire was then 
passed along the groove with the view of destroying this region. 

The animal soon recovered consciousness and began to make spontaneous movements. 
To various forms of stimuli, heat, &c., there was distinct reaction from the first, and 
further careful and repeated observations showed a remarkable degree of hypersesthesia 
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over the whole of the right side. The demonstrations of sensation to heat, pinching, 
pricking, &c., were much more lively on the right side than on the left, and the sensa- 
tion caused by plucking the hairs on the right hand was, judging from the animals 
gestures, much more acute on the right side. 

Gentle sounds near the right ear caused the animal to turn and look exactly as on 
the left. The condition as to vision was not determined this day. 

Next day the animal was able to run about actively and climb as usual. Hearing 
Avas evidently equally acute on both sides, but there seemed some impairment of vision 
towards the right. No difference could be detectod as regards smell in the two 
nostrils. When a fine wire dipped in oil of bergamot was held to each nostril — the 
other being closed — the animal sniffed equally as if smelling. (This odour seems very 
agreeable to Monkeys, as they always sniff it as if enjoying it.) 

As to tactile sensibility no difference could be made out between the two sides. 
The hypersesthesia of the day before had disappeared. 

On the seventh day there still seemed slight uncertainty as to the exact position 
of things on the extreme right, but the animal was able to pick up things lying on the 
floor of the cage to the right as well as to the left side. 

On the tenth day the animal soeined perfectly normal in respect to all its faculties 
and powers. 

Four weeks subsequently to the first operation the right hemisphere was exposed 
over the region of the incisura proe -occipital is, and by means of a cautery, guided by a 
director, the temporo-sphenoidal Jobe was incised along the middle temporo-sphenoidal 
convolution and also horizontally inwards towards the gyrus hippocampi. The portion 
of brain between the two incisions was left in situ, with a \ T iew to prevent tho risk of 
secondary haemorrhage, which had previously proved so fatal. 

Within half an hour after the operation the animal was able to sit up, hut 
unsteadily, the left limbs being planted awkwardly, and tending to double up. 

Tactile sensibility at this time was greatly impaired all over the left side. The 
animal allowed a degree of heat which excited the most lively demonstration, and 
rubbing of the part touched, on the right side, to be applied to the left side of the 
tail, trunk, hand, and foot without making any sign of uneasiness. 

So also pricking, gently tickling and ruffling of the hair on the left side caused no 
sign of perception, whereas on the right the animal invariably put its head or foot to 
the part, and in so doing fell over on the left side. 

Tickling of the right nostril caused evident sign of uneasiness ; of the left no 
perceptible sign. 

The condition as to hearing and vision on the left was not determined. Hearing was 
undoubted towards the right however. 

Next day vision was seen to be unimpaired to both sides, the animal picking up 
minute objects to either side equally well. Hearing also was retained in the left ear 
— the animal turning to sounds on the left exactly as on the right. 
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As to tactile sensibility there seemed improvement as regards analgesia, but the left 
side could still he touched, tickled, &c., without exciting attention. On the right side 
the animal invariably put its hand to the place. 

On the third day the difference between the two sides as regards tactile sonsibility 
was less pronounced. In all other respects the animal was perfectly well. 

On the sixth day no difference could be made out between the two sides in respect 
to tactile sensibility. The animal continued from this time in perfect health, and was 
killed with chloroform a month subsequently — or two months after the first operation. 

Post-mortem examination . — The cranial openings were covered by membrane adherent 
to the subjacent cortex, but elsewhere the whole surface of the brain was free from 
adhesions. 

Except for tho lesions about to be described all the rest of the brain was perfectly 
normal. 

At the posterior extremity of the left occipital lobe there was a ragged sinus or 
channel marking the point where the cautery had been introduced. This pierced the 
tip of the occipital lobe and then immediately emerged, grooving the surface of the 
gyrus hippocampi (lingual lobule) between the calcarine and collateral fissures. Tire 
cautery then ran along the margin of the hippocampal or deutate fissure and plunged 
ultimately into the nucleus amygdalae or tip of the gyrus hippocampi. The optic 
tract though so near the course of the cautery was in a most remarkable manner 
absolutely untouched, and was freely separable and traceable to the corpora geniculata 
which were altogether free from lesion. 

In the right hemisphere there was a deep incision occupying the position of the first 
temporo-sphenoidal sulcus in its lower half ; and from the upper extremity of this, on a 
level with the anterior extremity of the inferior occipital convolution, there was 
another deep incision at right angles to the axis of the temporo-sphenoidal lobe, 
extending exactly to the collateral fissure. The portion of brain included between 
these two incisions remained in situ. 

The whole superficial aspect of the gyrus hippocampi was quite intact (fig. 1G4). 

Sections of the brain, parallel to the fissure of Rolando (Plate 35, figs. 165-172), 
show that in the left hemisphere the internal margin of the gyrus hippocampi, at the 
junction of the posterior and descending cornu of the lateral ventricle (figs. 165 and 
167), is grazed. Figs. 169 and 170 show that the fascia dentata has been sheared off. 
In fig. 171a portion of the alveus of the cornu ammonis has been carried away, and 
in fig. 172 a perforation of the nucleus amygdalae indicates where the cautery left 
the hippocampal fissure and plunged into the extremity of the gyrus hippocampi. 

The lesion is entirely confined to the fascia dentata and alveus of the cornu ammonis, 
without in any way injuring the medullary fibres of this or of the gyrus hippocampi 
itself. 

In the right hemisphere the gyrus hippocampi and cornu ammonis and the medul- 
lary fibres passing to this region are seen to be uninjured posteriorly (figs. 166, 168, 169). 
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In the region of the middle of the collateral fissure, the transverse incision, before 
described (cut obliquely), extended so far inwards as partially to sever the medullary 
fibres of the hippocampal region (figs. 170, 171), the cornu itself and the cortex of the 
gyrus hippocampi being free from lesion. Towards the extremity of the descending 
cornu the breaking up and detachment of the gyrus hippocampi and cornu ammonia 
was more complete, the whole of the anterior extremity of the temporo-sphenoidal 
lobe being more or less broken up (fig. 1 72). 

The central ganglia, internal capsule, optic tracts, and crura were altogether intact. 

Remarks. — This case is in some respects very extraordinary, and particularly with 
reference to the lesion of the left hemisphere. It would seem practically impossible 
to limit an experimental lesion so precisely to the fascia dentata and alveus of the 
cornu ammonis, as occurred in this case, without causing injury to other structures — 
the optic tract or crus cerebri. But no such injury was present. The case is also 
altogether unique in the symptoms which were induced. Instead of temporary 
annihilation, or impairment of tactile sensibility, there was for a time well-marked 
exaltation of sensibility on the opposite side of the body. The lesion, therefore, instead 
of destroying the centres of tactile sensation, seems to have thrown them into a state 
of hyperactivity. It may be supposed that the slight destructive lesion of the 
hippocampal region was accompanied by active congestion of the uninjured portions. 

In the right hemisphere the lesion of the hippocampal region was only partial, being 
confined to the anterior half, and consisting mainly in division of the medullary fibres 
passing to the gyrus hippocampi and cornu ammonis. The anterior half of the middle 
and inferior temporo-sphenoidal convolutions were, however, much broken up and 
disorganised. 

The affection of tactile sensibility, at first well marked, ceased to be perceptible 
after a few days, and apparent comploto recovery took place. 

With the exception of slight impairment of vision to the right side of a temporary 
character, due to the lesion of the left occipital region, no other sensory or motor 
defect, beyond the affections of tactile sensibility above described, appeared to result 
from the bilateral lesion in this case. 


Experiment 33 (Plate 36, figs. 173-181). 

In this case the extremity of the left occipital lobe was exposed, and a director 
passed between the under surface and the tentorium cerebelli downwards and forwards 
in the direction of the gyrus hippocampi. A wire cautery was pushed along the 
groove, and afterwards a porte caustique tipped with nitrate of silver. 

Within an hour after the operation the animal was able to get up and move about, 
but the limbs of the right side were used awkwardly and planted abnormally. 

At this time, though severe thermal stimulation caused some sign of sensation on 
the right side, the reaction was much less marked than on the left, and a degree of 
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heat which caused lively signs of pain on the left side evoked scarcely any indication 
of perception on the right. 

Tickling the interior of the left nostril caused a grimace and a snort, but the same 
on the right very slight, if any, effect. 

An hour later the animal, in walking, which it did more freely, frequently fell over 
on the right side owing to the awkward way in which the right limbs were planted. 

There was no motor paralysis of the right limbs however, and the animal was able 
to grip with the right hand and raise the right arm to the head. 

Tickling the left nostril invariably caused the animal to raise its hand and rub the 
part, but no notice was taken of the same thing on the right. 

Next day the animal was seen to run about without any tendency to fall over on 
the right side, and the right limbs were used in a perfectly normal manner. 

Tactile sensibility was in great measure restored, there being only defective sense of 
mere contact on the right side, but no longer any distinct analgesia. Hearing was 
undoubtedly retained in the right ear, but there was total loss of vision to the right 
side. The animal at once seized a piece of food as soon as it crossed the middle line 
when moved from right to left in front of it. 

On the fourth day, except for the right hemiopia, nothing abnormal could be 
detected. 

The animal continued, except for the right hemiopia, which was absolute, in 
perfect health, and at the end of a fortnight the rujlit hemisphere was exposed over 
the region of the incisura prm-occipitalis. 

At the anterior extremity of the inferior occipital convolution, where it joins the 
middle temporo-sphenoidal, a wire cautery was run along the middle temporo- 
sphcnoidal convolution downwards and forwards to its extremity, and at right angles 
to this incision, another was carried inwards with a view to divide and detach the 
inferior temporo-sphenoidal and hippocampal region from the rest of the hemisphere. 
The parts were not removed, but along the bottom of the incisions a porte caustique 
tipped with nitrate of silver was rubbed, with a view to excite destructive inflamma- 
tion and adhesion, and so obviate haemorrhage. 

Tho animal had for a short time after the operation some twitching of the limbs, 
particularly of the left side. 

Within two hours after the operation the animal was quite recovered, and was wide 
awake ; but in trying to sit up or move always fell over on the left side. 

At this time a heated point caused barely any sign of reaction on the left side, 
whereas the same on the right caused very distinct signs of sensation and attempts to 
rub the part with the hand. 

No further observations were made on that day, and next morning the animal was 
found quite recently dead. 

Post-mortem examination . — On examination of the brain there was no sign of 
inflammation or recent haemorrhagic effusion. 



LESION OF DIFFERENT REGIONS OF THE CEREBRAL HEMISPHERES. 5(31 


In the left hemisphere, at the posterior extremity of the inferior occipital sulcus, 
there was a sinus, the entrance of the cautery which became visible superficially 
immediately external to the posterior extremity of the calcarine fissure, and then 
became lost to view. The under surface of the occipital lobe was somewhat blackened 
by the caustic. The course of the cautery remained concealed as far as the inner 
aspect of the uncus gyri hippocampi, where a small orifice was seen. Here the cautery 
emerged and grazed the optic tract, which was almost completely severed half way 
between the chiasma and the corpora geniculata. The crus cerebri was quite free 
from lesion. The right optic nerve was in sectional area only half the size of the left. 
In the right hemisphere there was an incision from the lower border of the inferior 
occipital convolution along the first or superior tempo ro-sphenoidal sulcus, and another 
at right angles to this, extending inwards to near the inner margin of the gyrus 
hippocampi. By these two incisions the greater portion of the middle and inferior 
temporo-sphenoidal convolutions with the hippocampal region were separated from the 
rest of the hemisphere, but remained in situ (fig. 173). 

The crura cerebri, corpora quadrigeinina, corpora geniculata, and rest of the brain 
with the cranial nerves were uninjured. 

Sections of the brain, parallel to the fissure of Rolando (Plate 3(3, figs. 174-181), 
showed that in the left hemisphere the cautery had with the utmost precision pene- 
trated the centre of the cornu ammonia and broken it up from end to end without 
destroying the medullary fibres or cortex of the gyrus hippocampi. In many of the 
sections the cornu ammonis was merely a mass of blackened debris which fell out on 
handling. The left optic tract (figs. 178, 179, ISO) is seen to have been severed 
between the chiasma and the corpora geniculata. 

In the right hemisphere the sections show an extensive breaking up of the middle 
and inferior temporo-sphenoidal convolutions, and an almost complete severance of the 
medullary fibres of the hippocampal region, the destruction being most complete near 
the anterior extremity of the temporo-sphenoidal lobe, where only a small portion of 
the inner aspect of the tip of the gyrus hippocampi remained intact. The central 
ganglia and crura cerebri were uninjured throughout. 

Remarks . — In this case the lesion in the left hemisphere was limited with unusual 
precision to the cornu ammonis itself, which was thoroughly disorganised, without 
lesion of the medullary fibres or of the gyrus hippocampi. Tactile anaesthesia occurred 
on the opposite side of the body, both cutaneous and mucous, and the condition of 
the limbs was indicative of loss of the so-called muscular sense. The symptoms were, 
however, not of long duration, and already on the fourth day they were no longer 
discoverable. The right hemiopia proved, as had been diagnosed during life, to be 
due to lesion of the left optic tract. 

Apart from the right hemiopia, there was no other perceptible symptom beyond the 
loss of sensibility on the opposite side. 

The subsequent lesion of the right hemisphere, in which, along with the middle and 
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inferior temporo-sphenoidal convolutions, the hippocampal region was in great measure 
detached and destroyed, induced the most profound anaesthesia of the left side. But 
here again, as in many previous experiments of a similar nature, the animal speedily 
succumbed, so that further observations with regard to the permanency of the 
symptoms were rendered impossible. 

General Results. 

The experiments recorded in this section show that by destructive lesions confined to 
the cortex and medullary fibres of the inferior and internal aspect of the temporo- 
sphenoidal lobe, without implication of the crus cerebri, basal ganglia or internal 
capsule, it is possible to cause complete amesthesia (cutaneous, muscular, and mucous) 
of the opposite side of the body, without paralysis of voluntary motion. 

In the operations necessary for the establishment of such lesions a certain amount of 
injury of other regions is unavoidable, but an analysis of the experiments, varied as 
to the method of performance and the extent to which other regions were involved, 
shows that the only point in common to all the cases in which there was impairment 
or abolition of tactile sensibility, was destruction of the cortex and medullary fibres of 
the hippocampal region ; and the degree of impairment of tactile sensibility was in 
proportion to the extent to which this region was involved. 

In my former experiments (Philosophical Transactions, Yol. 165, Part 2) T had 
observed that in several cases of lesion of the temporal lobe, tactile a, naisthesia super- 
vened when in the process of secondary softening the hippocampal region became impli- 
cated. In Experiments XVII. and XVIII. lesions were purposely primarily established 
in this region. In Experiment XVII. anaesthesia was not observed till the third 
day : — the track of the cautery, as was proved post-mortem, having swerved away 
from the hippocampal region. But as softening invaded the hippocampal region 
anaesthesia became established. The sections of the hemisphere (figs. 89-94) show 
that the lesions were confined to the cortex and medullary fibres of the hippocampal 
and inferior temporo-sphenoidal region. 

In Experiment XVIII. amesthesia followed the lesion immediately, and the animal 
was killed before any secondary changes could be developed. The sections of the 
hemisphere show that the lesion was strictly confined to the hippocampal and lower 
temporo-sphenoidal region (figs. 97-102). 

In reference to lesions of the temporal lobe not specially invading the hippocampal 
region, Experiment 14 is of importance. In this case the region of the middle and 
inferior temporo-sphenoidal convolutions was disorganised without any indications of 
tactile anaesthesia. Some extension of the primary lesion occurred secondarily, but 
whether any anaesthesia resulted was not observed. The fact of importance is that 
the primary lesions were without discoverable effect on tactile sensibility. 

In Experiment 26 also, though the lower temporo-sphenoidal region was destroyed. 
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and the hippocampal region only partially involved, there was only slight and transitory 
impairment of tactile sensibility on the opposite side. 

These, as well as other similar facts narrated, serve to show that the lesions of the 
lower temporo-sphenoidal region wdiich are necessarily made in attempts to destroy the 
hippocampal region from the external aspect of the temporal lobe are negative or 
unimportant in the causation of the anmsthesia. 

Where the hippocampal region was reached through or from the under surface of the 
occipital lobe, and particularly in the former case, where the medullary fibres of the 
whole of the posterior lobe were invaded, tactile anaesthesia was complicated with visual 
defects more or less pronounced. But the experiments recorded in Hoc t ion I. enable us 
to eliminate the visual defects and assign them to the lesions inflicted on the oceipito- 
angular region. 

o o 

The sense of hearing was very rarely affected, and then only when the lesions 
iuvaded the medullary fibres of the superior temporo-sphenoidal convolution. 

By thus eliminating the effects of lesions of the occipito -angular region, of the 
superior temporo-sphenoidal, and in large measure at least of the middle and lower 
temporo-sphenoidal region, we arrive at the lesion of the hippocampal region as the 
essential factor in the causation of the anaesthesia observed in the various cases. 

When the hippocampal region was entirely destroyed, as in Experiment 27, the 
most complete anaesthesia was manifested on the opposite side, and the degree of 
anaesthesia varied in otlior experiments with the completeness of the destruction of 
this region. 

In some of the experiments the apparently impossible feat was accomplished of 
restricting the lesion to the gyrus hippocampi and hippocampus itself respectively. 

When the cortex of the gyrus hippocampi was alone or mainly injured, as in Expe- 
riments 24 and 26, there was well-marked impairment of tactile sensibility on the 
opposite side, but not of permanent duration. 

When the fascia dentata and internal margin of the gyrus hippocampi were alone 
injured, as in Experiment 32, there was a remarkable hypermsthesia of a transient 
character, which has already been commented on. In another sense this fact is of 
importance as showing that the anaesthesia resulting from lesions of the hippocampal 
region cannot be explained away on any theory of mere proximity of the lesions to the 
sensory tracts of tho hemisphere. For in this case the lesion was nearer the crus 
cerebri than in any of the others. 

When the cornu ammonis alone was the seat of lesion, as in the left hemisphere of 
Experiment 33, there was for a time very marked anesthesia of the opposite side. 
But here, also, as in the cases where the gyrus hippocampi alone was injured, the 
symptoms were only of temporary duration. 

These facts, therefore, show that the hippocampus and hippocampal gyrus form 
parts of the same centre, and that complete destruction of both structures is necessaxy 
to secure complete and permanent anaesthesia. But to effect this primarily is both 

4 c 2 
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difficult and fraught with great risks, either of injury to the crus cerebri or of 
secondary haemorrhage, and I have, unfortunately, not succeeded in maintaining any 
animal, in which this lesion was successfully established, sufficiently long .alive to 
determine the questions that arise with respect to permanency or compensatory 
action. In Experiment 25 the greatest amount of damage was inflicted with long 
survival, but the anaesthesia in this case was only partial from the beginning, and 
the lesion did not destroy the whole of the hippocampal region. 

Tt is comparatively easy to secure total destruction of the hippocampal and lower 
temporo-sphcnoidal region by operations conducted without antiseptic precautions, as 
the primary lesions become the centres of secondary inflammatory processes. In all 
cases where this occurred the anaesthesia, at first partial, deepened and became 
absolute. But this condition is incompatible with long survival or accurate determi- 
nation of the extent of the primary lesion. 

In addition to the positive evidence furnished by these experiments in favour of the 
localisation of the centres of tactile sensibility in the hippocampal region, I would also 
adduce the negative effect as regards tactile sensibility of all the other cerebral lesions 
here recorded, involving the occipital, parietal, and frontal lobes. In none of these, 
however extensive, was any impairment of tactile sensibility observed, even of the 
most transient duration. 
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[Plates 37 - 40 .] 

Introduction. 

The origin of the tendency among the earlier morphologists to draw a sharp distinc- 
tion between stem and leaf may most probably be traced to the fact that vegetable 
morphology was first pursued as a science in regions where deciduous trees prevail. 
Seeing the leaves of so many plants fall off as a whole, while the scar left was almost 
a direct continuation of the external surface of the stem, doubtless gave rise to the 
view that the two should be regarded as radically distinct members. 

As the science of morphology progressed it became necessary, if this distinction 
were to be maintained, to deline more clearly how members belonging to these two 
categories differ one from another. Various attempts were made by authors to show in 
what the essential difference consisted, the most notable being that of Hofmeister,* 
who brought forward a number of distinctions, based chiefly upon development. 
The most essential of these were adopted in that section of the Text Book of 
Sachs,! which deals with the relations of leaves and leaf-forming axes. In the last 
paragraph (No. 8) of that section, he clearly lays down the principle that “the 
expressions stem and leaf denote only certain relationships of the parts of a whole — 
the shoot." This principle is elaborated in his more recent lectures,! i n which he 
writes as follows : — “ A typical shoot consists of the leaves and the axis, which 
however are not really to be regarded as different organs, but fundamentally as parts 

only of one organ In their nature, and as shown by the history of their 

development, the leaves are fundamentally nothing more than processes, or out- 
growths of the axis of the shoot ” If we accept these propositions, and I 

do not see how we can do otherwise, the same method of morphological treatment 

* Allgemeine Morphologic, pp. 400-416. 

t Second English Edition, p. 153. 

| Vorlcsnngen, p. 48. 
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should be applied to the leaf as is usual in studying the stem. On reading 
current morphological papers, however, it is very apparent that this is not done. 
Leaving out of account the use of that adhesive terminology, which constantly revives 
in the mind the older mode of viewing the leaf, it is still obvious that the treatment 
of the leaf by modern writers is different from that of the stem. Thus, to take as an 
example the best of the eai’licr works on leaf-development, viz., Eichler’s Dissertation 
on the Development of the Leaf;* after defining the Primordial Leaf as the young 
leaf before internal differentiation, or distinction of external parts, the author goes on 
to describe (p. 7) how the primordial leaf becomes differentiated into “ two chief parts, 
which are common to the leaves of all Phanerogams, viz., a stationary zone, which 
takes no part in the further formation of the leaf, and a vegetative part which 
forms the lamina with its branches.” The former he names the foliar base (blatt- 
grund), and the products of its development are the sheath and the stipules if 
present ; the latter he designates the upper leaf (oberblatt), which gives rise to the 
simple or branched lamina. The petiole is also, according to Eichler (p. 8), derived 
from the upper leaf, though other more recent writers describe it as being intercalated 
between the two parts. This distinction first drawn by Eicht/er has recently been 
revived, and the terminology, with some slight modifications, adopted by GoEBEL.f 
He has however imposed a very necessary limitation upon its application, viz.: that the 
two parts of the primordial leaf “ are not sharply marked off from one another, but are 
only to be distinguished by the part which they play in the further growth of the 
young leaf.” He has, on the other hand, extended it to the Monocotyledons and Gym- 
nosperms, and occasionally also to certain Cryptogams, in which similar phenomena 
appear. Thus the distinction of the foliar base and upper leaf has become established 
in botanical terminology, and it is applied equally to both branched and unbranched 
leaves. 

This distinction is a very natural outcome of the study of the development of 
the leaves of the higher plants, and it seems to lie ready to hand, but the comparison 
in this respect with the vascular plants, acknowdedged to be lower in the scale, has 
been much neglected, and such a comparison should be made as a test of the validity 
of a distinction of this kind. Because it appears to be obvious in certain of the 
higher plants, the distinction is not necessarily valuable, nor even logical ; while, 
as I shall point out later, it is not in conformity with the morphological method of 
treatment of the stem. The parts resulting from the development of the foliar 
base and upper leaf are, it is true, ready distinguishable from one another in certain 
of the higher plants, but the question is whether we draw this distinction between 
structures which are morphologically coordinate, and whether by distinguishing them 
we gain any further insight into the real nature of the leaf. It appears to me that 

* Eichler, Zur EnfAvickelungsgefirdiichte des Blattes. Marburg*, 1861. 

t Beitr. z. Morph. und Phys. des Blaites, Bot. Zeit., 1880, p. 753. Vergl. Entw. d. Pflanzenorgane, 
Schenk's Haiulbueli, p 215. 
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we do not, or at least not in all cases. I admit that no serious objection can he 
urged to applying this distinction of foliar base and upper leaf to simple, unbranched 
leaves, as in the Monocotyledons and Conifer®, provided the parts develop in such a 
way as to warrant the distinction. But in leaves which are branched the case is 
different, and it may be stated that it was chiefly with such leaves that Ejchler was 
engaged when he first introduced the terms. When we distinguish between the 
foliar base and the upper leaf in a branch leaf, we divide the leaf into two parts which 
are not coordinate : on the one hand we place the basal part of the main axis of a 
branch-system, on the other the upper part of that axis with its branches of all 
orders. Such a distinction might be compared with that between the bole of a 
forest tree below the lowest branches on the one hand, and the whole of the upper 
part of the tree, including the upper part of the main axis together with its brandies 
of all orders on the other. Such a treatment, though very obvious, can hardly be 
called scientific, and would not lead to a true insight into the morphology of the 
tree, such as might be obtained by following the main axis upwards, and tracing its 
identity from base to apex, and its relation to the branches, &c. It may have been 
thought that the peculiar conformations often found at the base of the leaf even in 
a comparatively early state of development would justify the distinction ; but those 
peculiarities are the result of phenomena of distribution of growth of a nature which 
would not be allowed to be of sufficient morphological importance to justify such a 
distinction of parts in an axial branch system. 

The most important point in the morphological study of a shoot or branch system 
is to ascertain the mode of origin and the sequence of appearance of the various parts, 
and their relations in these respects one to another ; the greater importance being, 
as a rule, attached to those phenomena which are of earliest date. Thus, in treating 
of axes and branch systems, the time of origin, and the mode and point of first 
appearance are regarded as of greater morphological import than subsequent 
changes of conformation, brought about by peculiarities of the distribution and 
localisation of the intensity of growth, however greatly those changes may affect the 
general outline of the number or branch system. Tlius in the common Hyacinth no 
radical distinction is drawn between the short lower part of the axis (the conn), which 
bears the scales of the bulb together with the foliage leaves, and the elongated part 
of the axis (the scape), which bears the flowers : both are recognised as parts of the 
same axis, though the difference in the distribution of the longitudinal growth in 
different parts of it is very great. Again, in certain shoots of Vitis (jongijloules, of 
the Potato, &c., transverse growth is found to preponderate at certain points, 
resulting in the formation of fleshy swellings ; but any morphologist, overlooking the 
results of excessive transverse growth, will still recognise in those structures a 
peculiar development of a part of the axis, which however still retains for him its 
identity throughout. Thus in treating of axes, morphologists recognise clearly that 
the mode of origin, and the mutual relations of members on their first appearance are 
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the most important points, and that, however much those relations may apparently 
be disturbed by various localisation of subsequent growth, the changes thus induced 
are to be regarded as but of secondary importance. 

In dealing with the leaf this principle is not kept so clearly before the mind, and 
the explanation is doubtless to be found in the fact that the intercalary growth is 
usually localised, at or near the base of the leaf, at an earlier period than is the case 
in the stem. Current morphology still retains those obvious distinctions of sheath, 
petiole, and lamina, as coordinate structures, independently of the fact that the most 
salient and distinctive characters used in distinguishing these several parts one from 
another result from processes of growth in transverse and longitudinal directions, 
which, in the treatment of axes, would be freely admitted to be of but secondary 
importance, and certainly would not be allowed to take precedence of those phenomena 
of branching upon which the morphological treatment of the shoot is primarily based. 
In the leaf precedence is given to the more obvious results of intercalary growth, 
while the branching of the leaf is treated as of but secondary importance. This 
inconsistency demands further investigation. It must be ascertained by a comparative 
study of the leaf in forms acknowledged to be lower in the scale, whether there be 
sufficient reason for treating the leaf differently from the stem. It may be stated at 
once that in my opinion the comparative study of leaves of the lower vascular plants, 
which will be detailed below, does not justify such a difference of treatment. 

Before bringing forward that mode of treatment of the leaf, which 1 shall propose sis 
being more in accordance with the method of treatment of the axis, it will be neces- 
sary to say a few words on the subject of growth as affecting the external conformation 
of members.* Differences in direction, intensity, localisation, and duration of growth 
transversely to the organic axis of a member result in differences of its external form ; 
and the forms which result may be roughly ranged in three scries, though these 
graduate by intermediate forms one into another : (l) When the growth is equal in 
all directions transversely to the organic axis, the member is cylindrical. (2) When 
the growth along one transverse diameter is a maximum, and that in a diameter at 
right angles to it is a minimum, a flattened member is the result. In both the above 
cases the growth (exclusive of secondary changes) is usually nearly simultaneous over 
the whole cross-section. (3) When the growth is at first more or less uniform over 
the whole cross-section, but is subsequently localised, and continued more rapidly at 
one or more points at its periphery, variously winged members are the result. These 
three modes of development, as well as transitional forms between them, are to be 
found exemplified both among axes and leaves ; but while the first is most common 
for axes, and most rare among leaves, the second and third are most common for 
leaves, and less usual for axes. It frequently happens that in one and the same axis 
there may be a gradual or even a comparatively sudden transition from one of these 
forms of development to another. Thus, in stems of Rhipsnlis, Coccoloba, XylopliyUa, 
* Compare C. Di: Candolle, ‘Theorie do la Fouillo,’ p. 13. Geneve, 18G8. 
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Jiuscus, and Phyllocladus, one axis is frequently cylindrical below, and gradually 
more flattened above, yet no morphologist would lay any stress upon the distinction 
between the flattened part and the part which is cylindrical ; both are regarded as parts 
of one and the same axis, though the transverse growth is not uniform throughout. It 
was, however, chiefly on the ground of an external conformation due to an unequal 
distribution of transverse growth, coupled with a “stationary” character,* that the dis- 
tinction between foliar base and upper leaf was based ; and this is not sufficient ground 
for distinguishing two categories which, as I have shown above, are not morphologically 
coordinate. If the shoot is to be treated uniformly and consistently, the treatment 
of the leaf must be modified.! 

Instead of drawing the distinction, in the first instance, in leaves whether branched 
or unbranched, between the foliar base and the upper leaf, I propose to treat the whole 
leaf, from apex to base, consistently as a podium , or form of axis, which may or may 
not branch, and which may develop in different ways at different points. It will be 
necessary to defino this podium by the use of a distinct term, which shall include not 
only a part of it, but the whole of it from apex to base, exclusive only of its branches.! 
Various words have been used by different authors, who have felt the necessity of 
defining this podium : thus “ racliis ” has been used, but this term has already another 
distinct application ; the old term “ midrib ” has also been used, but this is unsatisfac- 
tory, since it implies that it is the rib which is at the middle of something, and this is not 
always the case, nor is it that character of the structure which it is desired to describe. 
I therefore propose the term phyllopodium to express the whole of the main axis of 
the loaf, exclusive of its branches, the word being similar in composition to the terms 
“ sympodium,” and “ monopodium. ” 

As is also the case with stem structures, the phyllopodium is capable of very various 
development. In the simplest examples it remains unbranched , and it may then 
develop (1) in a cylindrical manner, as in Pil ularia ; or (2) it may appear as a 
flattened structure without wings or midrib, as in Welwitschia and many Monocoty- 
ledons ; or (3) it may be simply winged, through part or the whole of its length, as in 
Gnetum. In other cases the phyllopodium may branch, the branches being produced 
in acropetal or basipetal order : these may appear in the mature leaf as teeth at the 
margins of the wings, or as distinct pinna}, which may themselves develop in various 
ways, and again branch, forming pinmdes, and so on to higher orders of ramification. 

As will be pointed out more at length at the close of this paper, the phyllo- 
podium may develop uniformly throughout its length, as is the case in Pilularia and 

* Eichleb, l.c., p. 7 . Goebel, Bot. Zeit., 1880, p. 759. 

t Eichleb even goes so far as to argue (l.c., p. 24), in answor to the opinion of Mercklin and others, 
who regarded stipules as basal piniicu, that because the foliar base and upper leaf differ radically one 
from another, therefore members borne by them are not morphologically equivalent. 

J Of course no sharp line can be drawn between its branches and itsolf, just as it is impossible to 
define accurately the limit between stem and leaf. 
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Welwitschia ; in other cases by differences in the distribution of growth in tranverse 
and longitudinal directions, a different conformation may be acquired at different 
parts : thus a basal part or hypopodium may be recognised, which coincides with 
Eiohler’s “ blattgrund ” : a median, elongated part, the mcsopodium, which coincides 
with the petiole : and thirdly, an apical part, the epipodium ,* 

It will be necessary to say a few words upon the third part of the phyllopodium, 
in order to show how it differs from the “ oberblatt ” of Eichler, this being the 
essential point in which his method of treatment differs from that which I am 
endeavouring to establish. Under the term “ oberblatt,” Eichler ami Goebel include 
the whole of the upper part of the leaf whether branched or unbranched : supposing 
the leaf to be unbranched, the term “ oberblatt ” will include precisely the same part 
of the leaf as I wish to express by the term “ epipodium.” But in the case of branched 
leaves, while the term “ oberblatt ” will include the whole of the upper part of the 
leaf with its branches , in fact a whole branch-system, I should include under the term 
epipodium only the, upper part of the phyllopodium with its wings, and exclusive of 
its branches of higher order. The difference of application of the terms may seem at 
first sight small, but beneath it lies an important difference of morphological method. 
By Eichler the leaf is treated as one member, which may branch in its upper part ; 
under the method which I propose it is treated throughout as a potential branch- 
system ; under the former method a sharp distinction is drawn between the basal part 
of the leaf, and the upper part which may or may not branch ; under the latter the 
distinction is between the podium, and the branches (if any) which it bears. 

It seemed to me to be important to test the validity of my views as to the mode of 
procedure in studying the morphology of the shoot by a series of observations on those 
plants of the vascular seriest which are universally allowed to be lowest in the scale, 
and this comparative study of the leaf seemed especially necessary, since it has been 
much neglected by those to whom we owe the chief advances in our knowledge of leaf- 
development. I had previously been engaged on the development of the leaves in the 
Cycadacew and Gnetacece, and thus a good opportunity was offered of working in the 
results obtained in those groups with those obtained by other writers and by myself 
in the vascular Cryptogams, so as to arrive at a comparative view of the development 
of the leaf in the whole series. It may be stated that the result of this comparative 

* My reasons for introducing a new terminology are two. First, it is dosirable to dispel as far as 
possible the idea upon which so much stress is laid by Eichler, that there is an important difference 
between the “ blattgrund, M and “ oberblatt ” (I.c. y p. 25, “ wesentlich von einander verschiedeno Theile ”) : 
this may best be done by dropping his terms ; secondly, while rejecting the general term “ oberblatt ” 
as expressing an idea which is not in accord with morphological method as applied to the axis, it is 
desirable to observe uniformity in the terminology. 

t I purposely leave out of account the foliar Muscineco , though these are so often used in comparison 
with vascular plants. It is often forgotten, while comparing the vegetative organs of Muscinem with 
those of the vascular plants, that the structures compared are not homologous , but at best only analogous 
developments. 
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study is fully to justify the treatment of the whole leaf as a branch system, while it 
brings into greater prominence the fact that the main axis of the leaf in the more com- 
plicated forms has undergone a progressive differentiation as a supporting organ, as dis- 
tinct from the branches of higher order which it bears ; further, that as we pass upwards 
through the scale of vascular plants, there is a tendency to an earlier arrest of the apical 
growth of the phyllopodium ; this, together with the increased prominence of the results 
of intercalary growth, which has in many cases so distorted the branching system of the 
leaf, gives a ready explanation of the origin of those methods of treatment of the leaf, 
which 1 have alluded to above. 

Comparative Study oj the Leaf. 

Takingfxrst that family of the Leptosporangiate Ferns* in which the simplest structure 
of the vegetative organs is represented, viz., the Ilymenophyllacece , the phyllopodium 
is often found to be obviously winged throughout its length, and continuously to the 
point of insertion on the axis ( e.g. y Hymenophylliim ciliatum, Trichomanes radicals), 


# The term “ Leptosporangiate ** was first introduced by Goebel (Bot. Zeit., 1881, p. 717) to include 
those Ferns in which the sporangium originates from one cell ; these are further distinguished by the 
whole structure of tho sporangium, the regular succession of its cell divisions, the form of the arohe- 
sporium, Ac., from the Eusporanyiate forms, in which the sporangium docs not originate from a single 
cell, and is of more complicated structure. He puts forward the following classification : — 

I. hep to8porangiate Forms . 

a. Filices. 

(1) Homosporous Ferns. (Polypodiaceeo, Gleicheniace®, Cyatheacea?, Ac.) 

(2) Hetorosporous Ferns. (Salviniacece.) 

B. Marsiliaccm. 

(1) Marsilia. 

(2) Pilularia. 

II. Eusporanyiate Forms. 

A. Filicales. 

(1) Marattiaco®. 

(2) Ophioglossace®. 

B. EquweUnece . 

(1) Calamites. 

(2) Equisetacece. 

C. Sphenophyllece . 

I). Lycopodium . 

(1) Lycopodiace®. 

(a) Homosporous forms. Genus Lycopodium. 

(fc) Hetorosporous forms. Lepidodendron. Sigillaria (?) 

(2) Psiiotacero. 

(3) Selaginelle®, 

(4) Isoet®. 

E. Gym nosperms. 
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while in other cases the winging is less marked, but still traceable ( Trichomanes 
Prieurii). I have not found any marked modification of contour at the base of the 
leaf in this family, and this coincides with the observations of Prantl.* 

This author describes the young leaf of Trichomanes speciosum (l.c., p. 6) as having a 
two-sided apical cell, from which two longitudinal series of segments are cut off by 
converging walls. These segments divide by longitudinal walls, so as to form two 
series of cells, occupying the margins of the leaf (marginal series), and internal cells 
forming the cential part of the leaf (compare Prantl’ s fig. 2, Taf. 1). Thus the 
phyllopodimn is from the first, at least, potentially a flattened structure, which, by 
increase in bulk of the tissues derived from the internal cells and by continued 
growth at the margins, becomes a winged structure ; tho marginal sei'ies of cells 
are in a corresponding position to those which have been shown to be so intimately 
connected with the winged development in the leaves of other Ferns. As to the 
branching of the phyllopodium, it has been shown by Prantl to be distinctly 
dichotomous, at least in the upper portions of the leaf ; the upper part of the 
phyllopodium is thus a sympodial development. Further, it is clear that, the 
tissues of the leaf thus originating in the first place from a two-sided apical cell, 
and then from growth and repeated division of marginal series, of cells, are really 
the outcome of a development referable to a single plane, that is in two dimen- 
sions of space only. 

Passing on to Ceratopteris thaliclroidesf in which the development of the leaf has 
been so accurately followed by Kny, the apex of the young leaf is here also occupied 
by a two-sided apical cell, from which two series of segments are cut off; these 
segments divide, as in Trichomanes, in such a manner that a series of cells is formed 
running along each margin of the flattened leaf, and continuous to its base (compare 
Kny’s figs., Taf. G) ; this character remains in the permanently angular cross-section 
of the lower part of the phyllopodium. Thus the leaf of Ceratopteiis is also potentially 
a flat structure, which assumes a winged character by increase in bulk of the central 
part, and continued growth at the margins. The identity of the apical cell is subse- 
quently lost, the apex of the leaf being then occupied by a continuation of the 
marginal series. The first pinnae arise monopodially in acropetal order, and first 
appear as marginal outgrowths, but with no distinct reference to the segments of the 
apical cell. The structures which Kny calls stipular scales (stipular-schuppen), have a 
similar structure to the peruke (spren-schuppen), and except in their position do not 
seem to me to be of a stipular nature. 

The type of leaf-development seen in Ceratopteris prevails in its main characters 
also in other Ferns which have beon investigated : e.g., species of Asplenium, J in 

* Unfcers. z. Morph, d. Gefiisskrypt. Heft I. Leipzig, 1875. 

t Kny, Die Enfcw. d. Parkoriaoeen. Dresden, 1875. 

X Sapebeck, Zur Wachsthumsges. cl. Farrnwedels. Verh. d. bot. Ver. Brandenburg. Bd. 15 (1873), 
p 123. 
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which Sadebeck followed the development ; and as I have observed also in Aspidium 
Filix-Mas, Polypodium vulyare , and Onoclea (Strut hiopteris) germanica, &c. The 
formation of the pinnae in these cases is, at least at first, by monopodial branching, 
though it has been clearly shown that dichotomy may occur in the higher ramifica- 
tions of the leaves of some Ferns. 

Taking first Aspidium Filix-Mas, the marginal series of cells could not be distinctly 
traced as continuous to the extreme base of the phyllopodium in the young state, as 
is the case in Ceratopteris, and presumably also in Trichomanes ; but such marginal 
series are clearly marked at the periphery of the pinnae, and up to the extreme apex 
of the leaf. There is, however, a longitudinal weal on each side of the base of the 
phyllopodium, which is continuous upwards, with the usual winged development on 
the phyllopodium and the pinnae, and it may easily be recognised in the mature leaf. 
This is doubtless the representative of, or a suppressed form of the wing-like develop- 
ment, which is, as in the cases before described, continuous to the base. In Onoclea 
germanica * the laterally widened basal part of the phyllopodium shows a similar 
external conformation to that in Aspidium, but the two marginal weals project more, 
and, as in Aspidium, may be easily recognised by their white colour. There is, 
however, no distinct development of wings in the usual sense of the term. Thus in 
the Ferns named, and they are merely taken as examples, the marginal developments 
may bo traced to the base of the phyllopodium, and it may be concluded that this is 
a usual, if not a constant character for the Ferns. If this be so, the phyllopodium of 
the Ferns is typically a winged structm’e throughout its length, but in certain parts, 
and especially towards the base, the wings may be reduced, and only be recognised in 
the mature state as giving an angular form to the transverse section, or as light 
coloured, and very slightly projecting longitudinal ridges. 

The Htjdropterid eat are probably close allies of the other Leptosporangiate Ferns, 
but with their vegetative organs reduced in accordance with their aqueous habit. In 
this group there is a general reduction of development of the leaves, which, however, 
is apparent in different ways. Thus in Azolla there is a reduction of the phyllopodium 
to a minimum (if indeed the term may be applied at all), while the leaf has hardly any 
characters in common with the Fern-type. In Salvinia the early development of the 
leaves shows more points in common with the Fern-type, there being a two-sided apical 
cell, and, at least in the aerial leaves, a series of cells at each margin of the flattened 
leaf, similar in position and origin to that in the Ferns (compare Pringsh. Jahrb., 
Tom. 3, Taf. 25, fig. 7). In Marsilia the leaf is not of so reduced a type, and shows 
a clearly marked relation to the Fern -type. As shown by Hanstein,| there is at fii’st 

* This plant has been noted by Goebel (Bot. Zlg., 1880, p. 787) as an example of the occurrence of 
scale-leaves ; some of the leaves lose their apical portion, which dries up, and is thrown off, whilo the 
basal part remains persistent. In the plant of Onoclea , which I had under observation, about half of 
the leaves had thrown off thoir apices in this way : the form of the basal portion which persists does 
not differ in any marked degree from the bases of the normally developed foliage leaves. 

| Pringsh. Jahrb., Tom. 4, p. 245, &c. 
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a two-sided apical cell, the segments from which divide so as to produce two longi- 
tudinal, marginal series ; these give rise at the apex of the phyllopodium to four pinnae, 
which appear in acropetal order, and themselves have marginal series of cells as in the 
Ferns. The development of the leaf of Pilularia not having been thoroughly inves- 
tigated, I have made a few observations upon it which show that it resembles that of 
Marsilia. 

Pilularia globulifera. 

The leaf of Pilularia has already been cited (p. 5G9) as an example of a simple phyllo- 
podium, without appendages of any sort. It has been pointed out by An. Braun * that 
it is connected with the Fern-type through Marsilia, in which the first formed leaves 
of the young seedling are without pinnae. 

In Pilularia, the conical, upturned apex of the horizontal axis bears members of 
three orders, which appear almost simultaneously ingroups of three. They are, leaves 
which arise in two longitudinal rows on the dorsal t surface of the axis (Plate, 37, fig. 1, 
1-7) ; buds, or lateral axes, one of which arises below each of the leaves, that is nearer 
the ventral side of the axis, and in the same transverse plane (fig. 1 , b); and thirdly, 
roots formed endogenously, and similar in structure to those in Marsilia . One root 
is situated immediately below each bud (fig. 1, r). 

The leaf appears first as an outgrowth of a single cell of the axis ; in this cell 
divisions follow in regular succession cutting off two rows of segments from a two-sided, 
wedge-shaped, apical cell (figs. 2, 3). The position of the apical cell relatively to 
the axis appears, after the earliest stages, to be oblique, as seen in fig. 2. The 
further subdivision of the segments proceeds on the same plan as has been shown by 
Hanstein to obtain for Marsilia. The leaf assumes the circinate curvature at an 
early stage (fig. 1), and, as in other cases among the Filicinese, it is not coiled accurately 
in one plane. The activity of the apical cell is continued until the process of extension 
of the lower portion of the leaf, and the consequent unrolling of the young leaf begins. 
No clearly marked region of intercalary growth is to be found ; the process of extension 
is carried on uniformly throughout the tissues, beginning at the base and extending 
upwards. There is no continuation of the apical growth after the identity of the apical 
cell is lost, such as is found in the leaves of Ferns. Finally, the leaf develops from 
the first in a cylindrical form, and there is no prominent ridge to be found, nor any 
marginal series of cells similar to those in the Ferns and Marsilia. The cylindrical 
form is maintained to the extreme base. This leaf may thus be regarded as the 
simplest form of a phyllopodium, in which the mode of development is uniform from 
base to apex, and which bears no appendages. Though there is not any apparent 

* Neuere Unters. ubor d. Gatfc. Marsilia u. Pilularia. 

t In Rpeaking of horizontally growing axes, I use the term dorsal to signify the upper, and ventral the 
lower surfaces. In speaking of leaves, the term ventral is applied to the surface facing the axis, and 
dorsal to that which is turned away from the axis. This use of the terms is, howover, obviously incon- 
sistent, though it is now generally adopted. 
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formation of wings, still in the arrangement of the cells in the young leaf, and in their 
subdivisions, there are points in common with Marsilia. 


OsMUNDAOEJE. 

I. — Osmunda regalis, L. 

The young phyllopodium, before any pinnae are formed, consists of an elongated basal 
portion with massive lateral wings, and a less distinctly winged apical portion, which 
is terminated by a bluntly conical, and comparatively massive apex : the whole is 
covered by numerous mucilaginous hairs. On removing the extreme apex by a 
transverse cut, and treating with suitable reagents, it is found that the apex is 
occupied by a three-sided , conical, apical cell, which is so situated that one side faces 
the apex of the stem, while the opposite angle is directed away from the apex of the 
stem, that is towards the dorsal side of the leaf (Plate 37, fig. 4). From this cell 
segments are cut olF parallel to the three sides, in regular left-handed spiral* 
succession, as at the apex of the stem of Equisetum. The segments are further 
divided up fundamentally on the same plan as laid down by Cramer for Equisetum, 
and shown in the well-known figures copied in Sach’s Text Book. Irregularities of 
arrangement of the walls are however to be found, as shown in the lower left-hand 
corner of fig. 4, on Plate 37. The apical cell remains clearly marked even after the first 
pinnse have appeared : for instance, it was still to be seen at the apex of a leaf, which 
had already formed six pinna) (Plate 37, fig. 5); but in one which had formed twelve 
pinnse no apical cell was to be seen, while in the latter case the whole bulk of the 
conical apex was much smaller than in leaves at an earlier stage. After the three- 
sided apical cell has lost its identity, and the whole apex of the leaf has been 
reduced in bulk as above described, a marginal series of cells similar to, though less 
marked than in the case of other Ferns, is found extending over the apex of the leaf ; 
but it has not been possible to recognise among the cells of this series any single 
cell acting the part of a two-sided apical cell. 

The pinna) are formed monopodially, and in strictly acropetal order on the 
phyllopodium: as in many Ferns, their insertion is not perfectly lateral, but towards 
the ventral face of the leaf, and along the lines of the more or less developed wings. 
The pinnules also appear in acropetal order, and are developed monopodially on the 
pinnse. I have not seen any case of dichotomous branching in the leaf of Osmunda 
regalis, such as is described by Sadebeck, Prantl, and others as occurring in the 
leaf-branchings of higher order in many Leptosporangiate Ferns. It has been 
ascertained in the case of certain other Ferns that there is a distinct genetical relation 
between the pinnse and the segments of the apical cell, though that relation is not 


* Le. t left-handed in the mechanical sense : the succession was left-handed in all the cases observed. 
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so close as was at first assumed by Sadebeck.* In these cases the two rows of pinnae 
correspond to the two rows of segments of the two-sided apical cell, though the 
individual pinnae have been shown by Kny not to correspond to the individual 
segments. It was thus suggested that a similar relation might be found in Osmunda. 
I have, however, been unable to discover any regular relation between the segments 
cut off from the apical cell and the individual pinnae : the position of the latter is 
such that they must arise partly from the tissues derived from the ventral series of' 
segments, partly from those derived from the lateral segments (Plate 37, fig. 5). This 
conclusion may be put in relation with Kny’s observations on Ceratoptcris, from 
which he finds that the pinna) do not necessarily coincide with the segments of the 
apical cell : in Osmunda, however, the absence of such coincidence applies not only to the 
cells of one marginal series of segments, but also to the series of segments themselves. 

The lower pinnae appear in their early stages of development as rounded masses 
of tissue, in which no marginal series of cells can be recognised even when the 
pinnae are viewed as in Plate 37, fig. 5. There is, it is true, a prevalence of cell- 
divisions in a direction perpendicular to the plane of the leaf over those parallel to 
that plane, but the distinction is not so complete as to mark off any marginal series. 
In the apical portions of pinnae in later stages of development, as well as in the 
apical portion of the phyllopodium when further advanced, and in the later developed 
pinna;, a marginal series may be recognised ; in no case, however, is the marginal series 
so regular or so clearly marked as, for instance, in Aspidium Filix-Mas or Ceratoptcris 
thalictroides. Thus, in Osmunda regalis the same mode of development by a 
marginal series of cells referable to a single plane is to be found as is prevalent 
throughout the leaf of the simpler Ferns. But in Osmunda it is relegated to the later 
stages only, viz. : at the apex of the phyllopodium and of the pinnae when they are 
far advanced, and also in the later-formed pinnae and the pinnules. 

It has often been described how the basal part of the leaf of Osmunda regalis is 
widened laterally so as to form a sheath, while in those leaves in which the upper 
portion is aborted and dried up, it is this wider basal portion which forms the scale- 
leaf first noted by Pkantl,. This widening is due to a transverse growth, chiefly in 
the peripheral tissues, including the superficial cells, the latter dividing rej>ea.tedly 
by periclinal walls. This growth in a transvei'se direction is most active at the lateral 
inargins, that is at the points where a slight similar growth is found in other Ferns, 
e.g., in Onoclea germanica and Aspidium Filix-Mas : or where in other Ferns there are 
well developed lateral wings, similar to those in the upper parts of the leaf. There can 
thus, after comparing Osmunda with other Ferns, be no doubt that the massive lateral 
wings at the base of the leaf are homologous with the similar, but less massively 
developed wings at corresponding points in other Ferns. Moreover the massive wings 
at the base of the leaf in Osmunda may be traced as continuous in the young leaf from 

* Sapebbck, Verb. d. bot. Vcreines. Prov. Brandenburg. Bd. 15, p. 129. Kny, Dio Entw. d. Parkeriaceen, 
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the base to the upper regions of the leaf, where they are interrupted by the insertions 
of the pinnae. Thus the phyllopodium of Osmnnda is a winged structure throughout 
its length, though the mode of the development of the wings is different at different 
parts of it, being more massive near the base, thus forming the sheath, and being less 
bulky, though still traceable, in the upper part. 

Osmnnda ciunamomea, L. 

In this species also, a thrco-sided, conical, apical cell was found at the apex of the 
phyllopodium, and having a similar orientation to that in O. rctjalis. It may still be 
recognised after a considerable number of pinnae have been formed. In all important 
points the leaf of this plant corresponds to that of O. regal Is (Plate 37, fig. G). In a 
leaf which had not yet formed any pinna*, I was able to see clearly the relation of the 
massive wings at the base of the leaf to the apical cell ; the limits between the rows of 
the segments could be traced as zig-zag lines down to the wings, thus showing that they 
are derived partly from the ventral, partly from the lateral segments (Plato 37, fig. G). 

In this species also the apical part of certain of the loaves becomes abortive, the 
basal part remaining as a permanent scale, as described by Prantl for O. regalis. 

Todea superba. 

It was in this plant that the three-sided apical cell in the leaf was first found : since 
the Osmundacece differ from the other Leptosporangiate Ferns in various characters both 
external and anatomical, it was thought that an examination of the development of 
the leaf might bring interesting facts to light. The three-sided apical cell has tho 
same orientation as in the two species of Osmunda described above, but its position 
does not appear to be maintained so exactly as in these plants, nor are the walls of 
segmentation so accurately parallel to the sides of the apical cell. Further, the sub- 
divisions of the segments present more frequent irregularities (Plate 37, fig. 7). In 
the absence of distinct marginal series of cells in the oarly stages of the first formed 
pinnae, and in the phyllopodium itself, while such marginal series are to be found 
in the later formed pinna;, and in later stages of the earlier formed pinnae, Todea 
superba, corresponds to the above species of Osmunda. A peculiarity of structure of 
the wings on the higher ramifications of the leaf in this species cannot be passed over 
without remark. Transverse sections of tho wings in these parts show that they 
consist of two, or at the margin of but one layer of cells ; the corresponding parts of 
T. barbara consist of a, bout nine layers. Thus between the species of a single genus, 
the affinity of which is indubitable, a very marked difference may exist in the bulk of 
the winged developments, and this should be borne in mind in considering the similar 
and simple structures in the Hymenophyllaceae. 

Attention must be paid to the basal portion of the leaf of Todea superba. Here, as 

MDCCCLXXXIV. 4 E 
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in Osmunda, there is on each side a massive -winged development, which owes its 
origin to an activity of growth and division of the peripheral cells, including those at 
the surface. At first this development is, as in Osmunda regalis and cinnamomea, 
restricted to the lateral margins, and as in those plants, no doubt homologous with the 
basal winged development in other Ferns so often referred to (Plate 37, fig. 8, a, b). 
Later, however, the activity of growth and cell-division extends transversely across 
the face of the phyllopodium, and the result is a continuity of the transverse portion 
of the sheath with the lateral wings (Plate 37, fig. 8, c). In the mature leaf this may 
be clearly seen with the naked eye. This continuation of the winged structure across 
the face of the phyllopodium is comparable with that resulting in the so-called “ axil- 
lary stipule,” or with that which produces the familiar orbicular leaves, for example 
in Trojxeo/um, Hgdrocharis, &e. (Goebel, Verlg. Entw., pp. 232-4). This case of 
Todea has an important bearing upon similar structures in Angiopteris, Stangeria, and 
Ceratozamia. 

Todea superba appears to have no scale -leaves, with abortive apices, as in Osmunda , 
but in Todea barbara scale-leaves may be found in considerable numbers. 

Comparing the development of the leaf in the Osmundacea ?, as shown in the above 
examples, with that of other Leptosporangiato Ferns, it is clear that an advance has 
been made in robustness of character of the phyllopodium, and therefore in its adaptation 
to serve as a supporting organ. As I have above pointed out, the growth with a two- 
sided apical cell, from the segments of which two marginal series of cells are derived, 
is to be looked upon in the case of the Fern leaf as a reminiscence of a development 
as a flattened expansion. This flattened expansion, by habitual thickening of the 
central portion, and frequently by corresponding reduction of the lateral wings, 
especially in the lower parts of the leaf, may be regarded as having given rise to 
structures such as the leaves of most Ferns. In the Osmu ndacea?, though the winged 
character is not lost, the development of the apex of the leaf is of a massive and solid 
character from the first, and continues so as long as the apical cell persists ; it is a 
structure developed from the first, not in two, but in three dimensions of space. It 
has been clearly shown by the observations of Treub on the apex of the stem of 
Selaginel/a Mart emit* that there is in that plant sometimes a two-sided, sometimes a 
three-sided apical cell, and that intermediate forms may be found between them : it 
might therefore be concluded that no great importance is necessarily to be attached to 
a difference in that respect. But in this case of the leaf in the Leptosporangiate 
Ferns the change from a two-sided to a three-sided cell is accompanied by changes of 
other characters, such as a more massive apex of the young leaf, the absence of 
marginal series of cells in the lower parts of the phyllopodium and pinnae, as well as 
differences of internal structure, and in the reproductive organs. On these grounds 
it appears justifiable to attach more importance to this transition from the two-sided 
to the threo-sided apical cell, than is necessarily implied by such a change. The leaf 

* Rcchorclios sur les orgiines do la vegetation du Selaginella Martensii. Seeing. Leido, 1877. 
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in the Osmvndaceee may therefore be regarded as an advance upon the leaves of other 
Leptosporangiate Ferns ; the phyllopodium is, at least in the part derived from the 
three-sided apical cell, a structure which develops from the first as a solid structure. 

On the other hand, it is of interest to note that though there is this difference 
between the Osmundacew and other Leptosporangiate Ferns, still the conformation of 
the leaf is fundamentally the same. The phyllopodium and pinnae, &c., are essentially 
winged structures to their extreme base. Putting this fact into relation with the 
observations of Kny, on the want of coincidence of origin of the pinnae with the limits 
of the segments cut off from the apical ceil in the leaf of Ceratvptens, and with 
Treub’s observations on Selaginella Marten Ml, it appears that the external conforma- 
tion of the member or system of members is to a great extent independent of the 
arrangement of the internal cell-walls. 


Mahattiaceas. 

Angiopteris evecta, Hoffm., var. pruinosa, Kuntze. 

For comparison with the Osmundacew on the one band, and with the Cycadaceai on 
the other, I have had the opportunity of dissecting a well-grown plant of Angiopteris 
evecta, from Java. The amount of material being limited, sevei'al points of considerable 
interest have escaped observation, while on other points the evidence is not conclusive. 
This is especially the case with the observations on the apex of the stem. Hollk 
remarks (Hot. Zeit., 1876, p. 218) that the reference of tho cells of the punctum 
vegetatiouis to the divisions of a single apical cell is not certain, but he regards it 
as probable that they all originate thus from a single cell. My own observations 
point clearly to the existence of a wedge-shaped apical cell, but I am not in a position 
to state whether the cell has two or three edges, or what is the succession of segments 
cut off from it. Such a cell is represented in Plate 37, fig. 9, and though I will not 
vouch for the accuracy of direction of some of the less important cell -walls there 
drawn, this at least is cpiite secure, that the apical cell is a conical one, and that the 
tissues of the punctum vegetatiouis owe their origin to segments cut off from it. The 
question is left open whether this structure, found in a well-grown plant, is constant 
for the species. 

The leaf originates as a flattened swelling of the surface of the very slightly conical 
apex of the stem. The growth is from the first more active on the side further 
removed from the apex of the stem (dorsal). The apex of the leaf is thus curved at 
an early stage towards the apex of the stem. A transverse semi-circular weal arises 
on the ventral side of the young leaf, and at some distance below the apex (Plate 37, 
figs. 10, 11); it soon shows signs of greater enlargement in its lateral portions than 
at the centre : this weal is the first origin of the well-known “ stipules.” The lateral 
portions grow rapidly, and overarch the more slowly growing, circinate apex of the 
leaf, in the manner already well known. 

4 E 2 
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IIolle states (!,<•., p. 218), I presume generally for Marattia and Angiopteris, 
though this is not made clear, that there is one wedge shaped, pointed, apical cell at 
the apex of the young leaf, and that it may be found till after the appearance of the 
pinna), lie describes it as being neither two-edged nor three-sided, but of irregular 
transverse section, while its divisions appear without definite regularity. I have 
satisfied myself, by observation both of medial longitudinal sections of leaves of various 
stages of development, and of transverse sections of the extreme apex of the leaf, 
that there is no such wedge-shaped cell at the apex of the leaf of Angiopteris evecta : 
a result which coincides with Holle’s description, viz.: that there was irregularity of 
form and of succession of segments of the apical cell which he saw. Preparations 
were made by me from leaves varying in their state of development from the condition 
of a flattened papilla, to the period of formation of the pinnae, and the same result 
was obtained from all, viz.: that there is not any single, conical, apical cell in the 
ordinary sense of the words. 

My own observations show that the structure of the apex of the leaf of Angiopteris 
evecta is as follows. There are at the extreme apex a number of cells, larger than 
those surrounding them ; as may be seen in median longitudial section, they are limited 
below by periclinal walls (Plate .‘57, tig. 12), and are thus clearly not wedge-shaped 
or conical cells. The cells of the apical region may be referred, in some cases at least, 
to a group of four initial cells (marked x in tigs. 12 and 14), but these cannot 
always be equally well distinguished, and as seen in surface view from without, they 
exceed the surrounding cells but little, if at all, in size (figs. 13 and 14). These cells may 
be more clearly recognised when seen in a median longitudinal section of the apex of 
the leaf, in which case, of course, but two of them will appear. In such sections 
(fig. 12) the two cells appear separated from one another by a wall, which may be 
traced back continuously into the lower tissues of the leaf: they present an oblong 
outline, and exceed the average of the surrounding cells in depth. Passing away from 
the apical cell in either direction, the cells are seen to be smaller in average size : the 
prevailing mode of division is by successive periclinal and anticlinal walls, though, as 
may be seen in fig. 12, the succession of these is not strictly according to rule. 
A similar absence of regularity in the arrangement of the anticlinal walls may be 
seen in the figs. 13 and 14, which represent the apices of the leaves as seen from 
without. It*is thus apparent that the arrangement of cells at the apex of the leaf of 
Angiopteris is similar to that described for the apex of the root.* 

As the pbyllopodium elongates, the pinnae make their appearance on the ventral 
surface of it, and above the level of insertion of the stipules. All the evidence at my 
disposal points to a development of the pinna) by monopodial branching of the 
pbyllopodium in strictly acropetal successiou, and in somewhat regular alternation on 
the two sides. They appear first as broad projections of the ventral face of the 
phyllopodium, and are arranged in two longitudinal rows, as in other Ferns (Plate 38, 
* Russow, Vergl. Unters., p. 107. Schwendenek, Bot. Ztg., 1880, p. 718. 
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fig. 1 5). They are at first similar in every external aspect to the pinnae of Cycos 
of like age. Examination of the apices of the pinna) showed that there is no single 
apical cell, nor are there, at least in early stages of development, any marginal series 
of cells, like those described for the leaves of the Leptospovangiate Ferns. The num- 
ber of pinnae formed is small as compared with the latter, and the phyllopodiuin, at 
least in some cases if not in all, terminates abruptly in a blunt cone, or terminal 
spine, such as is found so frequently among the Cycadaceai (figs. 1G and 1 7).* 
This abrupt ending of the phyllopodiuin may sometimes be still recognised in the 
mature leaf, but it is usually obliterated by the more rapid growth of the parts im- 
mediately below it. When the succession of the pinnae is clearly alternate, an 
appearance is then produced as though the development of the leaf were sympodial, 
and the last lateral plume might be mistaken for the apex of the phyllopodiuin : 
observations of the development show however that this is not the case. 

The pinnae themselves assume the circulate curvature at an early stage (Plate 38, 
fig. 1G) : as their development proceeds they may either become themselves winged, 
as is the case in young or weak buds ; or they may form pinnules, which also arise 
alternately, and in acropetal order, and are formed monopodiaily. Towards the apices 
of those pinnae which form pinnules, a similar appearance as of a sympodial develop- 
ment is often found, and it may be explained as in the case of the phyllopodiuin. 
It is well known how frequently transitional forms are found between the winged 
development of pinme, and pinnules, and even higher forms of ramification, the latter 
being assumed by stronger plants : the result is a great irregularity of outline of the 
whole leaf. 

The phyllopodium itself is but slightly winged, if at all: above the stipules it 
appears almost cylindrical, but in the upper parts of it traces may often be found of 
longitudinal markings where the wings would normally be situated, but the winged 
development is chiefly relegated to the branchings of higher order. When a winged 
development of a pinnae or pinnule begins, the central mass of tissue of the member 
is already beginning to pass over to the condition of permanent tissue : active 
meristematic division is still continued at those peripheral points where the wings 
arise. Here the cells are arranged somewhat after the manner of the Leptosporangiate 
Ferns ; but whereas in these the mai’ginal cells constitute a simple linear series, in 
Angiopteris the structure is much more complicated ; it is as though edfeh cell of the 
marginal series of a leaf of one of the simpler Ferns were divided up by a number of 
anticlinal walls into cells of small and uniform size, arranged in regular series extending 
from the lower to the upper surface of the pinna or pinnule. Thus a transverse 
section would follow one of these series, as represented in Plate 38, fig. 1 9, in which 
may be seen in place of a single marginal cell, such as is seen in the transverse section 

* In some examples of Marattia the phyllopodium is not thus abruptly terminated, but it is continued 
as an elongated, winged structure ; the same is the ease in Danaea. 
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of a leaf or pinna of a Leptosporangiate Fern,* a number of cells dividing by peri- 
clinal and anticlinal walls. Thus the correspondence of structure with that of the 
Leptosporangiate Ferns may be clearly seen, though the whole is much more 
complicated. 

It will now be useful to compare the structure and development of the leaf of 
Angiopteris evecta as above described with that of the Leptosporangiate Ferns, and to 
note where the differences lie. It would be difficult to draw a comparison between the 
stipules of Angiopteris and any corresponding structure in the Ferns, were it not for 
the extension of the winged structure in Todea transversely across the face of the 
phyllopodium, so as to form the so-called “ axillary stipule.” As it is, however, this 
structure leads on as an obvious step to the stipular development in Angiopteris : the 
chief points of difference between them are (1) that the transverse portion of the 
structure appears in Angiopteris in the first instance, whereas in Todea it is of 
comparatively late origin ; (2) that owing to the extreme shortness of the young 
phyllopodium in Angiopteris the longitudinal development of the basal wings is almost 
obliterated, while in Todea, and more clearly in Osmunda, it is very obvious, and may 
be traced upwards as continuous with the wings of the phyllopodium. By means of 
these intermediate forms supplied by the Osmundaceai, we are, I think, justified in the 
conclusion that the peculiar stipular structures of the Marattiacece are merely modifi- 
cations of the winged development at the base of the leaf. 

In the arrangement of the meristem at the apex of the leaf of Angiopteris a decided 
advance is seen on that in the Osmundacea), and still more on that in the other 
Leptosporangiate Ferns. It was pointed out in the case of the leaf of the Osmundacece 
that the phyllopodium is, at least in the lower part where the three-sided cell was 
active, a structure which developed theoretically as well as practically in three 
dimensions of space. The same is the case in A ngiopteris throughout the phyllopodium, 
in those cases at all events where it terminates abruptly. Further, the arrangement 
of the cells at the extreme apex is such, that the tissues cannot have been wholly 
derived from a single apical cell ; there appears, on the contrary, to be a group of four 
apical cells : this is again a characteristic of a higher development, and it may be 
stated that in the arrangement of the meristem of the leaf, as also of the root, 
Angiopteris occupies an intermediate position between the Ferns and the plants of 
higher organisation. 

The pinna; and pinnules are here formed by monopodial branching ; no case of 
dichotomy has been observed. They arise as rounded masses of tissue, not as flattened 
structures. The wings which are developed upon them are not referable to a simple 
linear series of cells, but appear as a massive weal on each side of the pinnae or 
pinnule. In these points Angiopteris approaches the Cycadacece (cf. infra) rather than 
the Ferns. 

Again, the pinnae are comparatively few, and in some cases, if not in all, the 
* Kny, l.c., taf. 7, fig. 7, M. Prantl, Hymenophyllaceen, taf. 3, figs. 38-54. 
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phyllopodium terminates abruptly in a blunt spine. This I have never observed 
among the Leptosporangiate Ferns : there it grows oil, and becomes attenuated and 
flattened, thus apparently returning to its more primitive condition. All these 
characters, together with the almost entire absence of winged developments upon it, 
point to the conclusion that the phyllopodium in Angiopteris has assumed a more 
independent position than in other Ferns, and appears rather as a structure fitted 
to bear flattened assimilating organs, than as a flattened assimilating organ itself : we 
may compare this gradual self-assertion of the phyllopodium as a supporting organ, 
with what has no doubt taken place in the differentiation of axis and leaf, and say 
that the phyllopodium in Angiopteris betrays its axial nature more clearly than is the 
case in the less highly organised Ferns. 

Cycadace^k 

Cycas Seemanni (Adolph Braun). 
a. The Cotyledons. 

Observations on the development of the leaf in the Cycadacea ? were begun on seeds 
and seedlings of Cycas Seemanni from Fiji : the seeds showed on dissection a bulky 
embryo, embedded in a massive endosperm (Plate 38, fig. 20). The embryo itself 
before germination consists of two long, almost equal cotyledons, inserted on a very 
short axis, which bears at its apex a number of young leaves in various stages of 
development. The cotyledons are not exactly alike ; one is often larger than tho 
other, while the margins of one usually overlap those of the other (Plate 38, fig. 21). 
It is not always the larger cotyledon which overlaps the other, though it may be 
presumed that it is the older one. Externally no trace of pinnae has been found at 
the apices of the cotyledons, such as is shown in Schacht’s drawing of Zamia spiralis 
(Sachs’s Text Book, 2nd Engl. Ed., p. 501). 

Transverse sections of the cotyledons show that there is sometimes a median 
bundle ; in other cases no single bundle occupies a median position, but two equal 
bundles are disposed symmetrically near the centre of the cross section : intermediate 
modes of arrangement may be found between these two extremes. It might be 
assumed that the median bundle when present is merely the result of the coalescence 
of two equal bundles, which might be found to be distinct in the upper part of the 
cotyledon ; but this is not the case, since the median bundle has been found to 
maintain its individuality in an upward direction. There is thus some irregularity in 
the arrangement of the vascular system in the cotyledons of Cycas Seemanni, though 
in the later formed leaves of this plant there is, as in the other Cycadacea, a 
constant absence of a single median bundle.* The development of the cotyledons has 
not been traced, since all the seeds at my disposal had mature embryos. 

# Compare tlte description by De Bary (Vergl. Anat. p. 246) of the vascular system in the coty- 
ledons of Phaseolus, &c.; also my own observations and those of Strasburger on vascular bundles in tho 
leaves of different species of Qnetum (infra, p. 599). 



584 


MR. F. O. BOWER ON THE COMPARATIVE MORPHOLOGY OF THE 


b. Plumular-lcaves. 

The first-formed plumular leaves are arranged in pairs, the first pair decussating 
with the cotyledons. As the plant grows older the arrangement of the subsequently- 
formed leaves is spiral. 

The apex of the stem terminates in a flattened cone, in which, as described by 
Strasuurger. for Cycas revoluta, there is no single apical cell, but the cells at the 
periphery divide frequently by periclinal walls : there is thus no continuous layer of 
dermatogen covering the pane turn, vegetationis. The leaf makes its first appearance 
at the periphery of this flattened cone, as a simple, uniformly mcristematic, hemi- 
spherical swelling, but with the side facing the apex of the stem slightly flattened. 
It is covered externally by a well marked and continuous layer of dermatogen : thus 
the above mentioned periclinal divisions of the peripheral cells are limited to the apex 
of the stem, and are not found in the young leaf. The growth of the leaf is not 
uniform in all directions, but is symmetrical on either side of the median plane : a 
slight hyponastic curvature of the phyllopodium is all that represents the cireinate 
vernation of that part in the Ferns : this is more marked in old t han in young plants 
(Plate 38, figs. 22, 23), thus the leaves of older plants overarch the apex more com- 
pletely than is the case in younger plants. Growth is at first in a longitudinal direc- 
tion, the cells dividing chiefly by transverse walls. The tissues of the young leaf, as 
seen in longitudinal section, are actively meristematic throughout, while the cells 
at the extreme apex show the relatively largo nuclei, and thin walls characteristic of 
an apical meristem. Single cells of the dermatogen grow out as unicellular hairs, 
which are particularly numerous on the dorsal surface, and on the median portion of 
the ventral surface. These have to be removed in order to study the further develop- 
ment of the leaf, and are not, as a rule, represented in the figures. 

While the whole leaf increases in length, transverso dilatation goes on unequally in 
different directions, and at different parts of its length. It is more marked in a 
direction perpendicular to the median plane than parallel to it, and though it is more 
extensive at the base of the leaf than it is higher up, still it is continuous throughout 
on the same plan. The result of this is that the leaf shows two marginal weals, 
which may be traced as continuous from the base to the apex (Plate 38, fig. 24). 
Starting from the base, it is found that the area of insertion of the leaf is semilunar, 
with somewhat rounded corners ; a transverse section of the leaf a little higher up 
shows a widening out of the corners as thin wings, and this increases upwards to a 
certain point, becoming then again gradually reduced. There is in fact a sheathing 
base to the young leaf of Cycas, which is produced by transverse dilatation through- 
out the tissues of the base of the leaf, but especially localised near the two margins 
(compare figs. 24 and 25). Tracing the marginal weals again upwards, they are found 
to extend uniformly as smooth, rounded, parallel ridges to the apex of the young 
leaf. The conformation of the whole phyllopodium from base to apex is fundamentally 
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uniform : speaking in a general sense, it is a winged structure, the wings being a 
subsequent development upon the more bulky central column (compare Osmunda). 

In connexion with the further development of the leaf, and the formation of the 
pinnae, there are two questions to be decided : First, whether the pinnae are formed 
monopodially or by dichotomy of the apex of the phyllopodium ; and secondly, if 
they are formed monopodially, what is the order of their development ? 

In connexion with the former of these questions, it may be called to mind that a 
sympodial development of the leaf in the Cycadacem has been suggested by Sachs 
(Text Book, 2nd Engl. Edn., p. 5011), on the ground of the conformation of the apex 
of the mature leaf: this idea is still maintained by some (Fankiiauser ; Cinhjo biloba 
p. 8, Bern, 1882), though the observations of Warming (‘ ltecherches et remarques sur 
les Cy cadet's,’ Copenhague, 1877), which it must be confessed are not very complete, 
point to a monopodial development. My own observations show that in Cycas See- 
mawri (as also in all the Cycadacew in which I have had the opportunity of investi- 
gating this point) the development is monopodial. It is on the wings or ridges above 
described that pinnae first make their appearance, and clearly below the extreme apex 
of the phyllopodium, which takes no direct part in their formation. There is first 
seen a slight undulation of the surface of the wings : this becomes gradually more 
pronounced, while the convexities gradually round themselves off, and finally appear 
as smooth hemispherical swellings. Still, though some of the pinna; are formed by 
monopodial branching, there might be a gradual transition to a sympodial development 
of those formed later : a transition which probably does take place in many Ferns. 
This is naturally out of the question in those of the Cycadaccm, to be described below, 
in which the order of succession of the pi rime is exclusively basipetal. As to the 
remaining forms (Cycas, Dioon), the branching seems always to be monopodial, since 
the apex of the phyllopodium is throughout a much more bulky mass of tissue than 
the young pinnae formed on it. It may therefore be concluded that the sympodial 
appearance of the apex of the mature leaf is misleading. 

In approaching the second question, as to the order of succession of appearance of the 
pinnae, it is obvious that their earliest stages of development should be observed ; it 
is not sufficient to note the relative size of pinnae, which have already passed the 
earliest stages ; though such observations will give useful evidence, still they cannot be 
regarded as conclusive. In illustration of this I may quote an example, represented 
in Plate 38, fig. 2G. In this case, passing from below upwards, pinnae of various sizes 
are encountered, yet I have never had any direct evidence of irregularity in succession 
of formation of the pinnae in any of the Cycadacece. Again, certain pinnae may be 
arrested in their development at a comparatively early age (Plate 39, fig. 31) ; thus 
arguments drawn from any but the very earliest stages of development, though they 
may be admitted as secondary evidence, cannot be adopted for the ultimate decision 
of the question. Now, to judge from Warming’s drawings (l.c., Taf. 3, figs. 19, 20), 
and from the description given by Karsten (‘ Organographische Betraclitung der Zmuia 

MDCCCLXXXIV. 4 F 



58(5 


MR. F. O. BOWER ON THE COMPARATIVE MORPHOLOGY - OF THE 


'muricata,' p. 197), it is only comparatively late stages of development which have 
hitherto been observed. Hence, though the conclusions drawn are probably correct, 
they cannot be regarded as having been conclusively proved. (An exception may he 
made in the case of Ceratozamia observed by Warming.) 

In the case of young plants, such as the seedlings of C. Seemcmni, there are practical 
difficulties in the way of a certain decision : thus the number of pinnae on one leaf is 
comparatively small, while here, as in other cases among the Cycadaceat, they arise 
almost simultaneously, and first appear as very slight undulations on the wings of the 
phyllopodium. Still, by comparison of a considerable number of cases, the conclusion 
lias been arrived at that there are, in the case of C. Seemaiivi, distinct signs of a 
development of the pinnae in acropctal succession : the pinnae close to the apex, even 
in the youngest cases observed, are smaller than those lower down, while, in some 
instances at least, a similar diminution in size was observable in passing downwards 
towards the base of the leaf (Plates 38,39, figs. 27, 28). Theso observations on leaves 
of young plants cannot be regarded as entirely satisfactory, but they acquire greater 
value wheu coupled with observations on an old plant of C. Jenkinsiana , to be detailed 
below, and with those of Warming (l.c.) (cf. infra, p. 589). 

The question remains wdiother there is any regular alternation in the appear- 
ance of the pinme on opposite sides of the phyllopodium. Some examples show 
that there is such an alternation, and this may be seen especially in the pinna) 
nearest to the apex of the leaf. It was tho prevalence of such alternation at the apex 
of the leaf of certain Cycads ( e.g ., C. revoluta), which no doubt gave rise to the idea 
that the leaves develop sympodially. In other examples of C. Seemnnni, no such 
alternation is to be found, and comparing the leaves, both young and mature, in a 
considerable number of cases, it is clearly seen that the arrangement of the pinna) is 
neither constantly in opposite pairs nor regularly alternate on opposite sides of the 
leaf. 

Finally, the position of the pimne* at the apex of the mature leaf of C. Seemanni 
appears to illustrate the transition from the lateral to the terminal position. But, 
judging from young stages of development, I think it improbable that the apex of tho 
phyllopodium, in this species at least, ever develops as a true winged structure ; but 
rather that the apparently terminal pinna sometimes to be found is originally lateral, 
and gradually assumes the apparently terminal position as development proceeds. An 
accurately terminal pinna lias never been observed in an early state of development, 
though one pinna may sometimes be nearer the apex than the rest, as in Plate 38, 
fig. 27. A comparison of a number of mature leaves of this species leads to the 
conclusions (1) that one apparently terminal or obliquely terminal pinna is about as 
frequent as two more or less exactly equal ones, and (2) that there is no apparent 
tendency for the older leaves to be more regular in this respect than the younger ones. 

Up to the point of formation of the pinna), the development of all the leaves is 
alike, whether they appear when mature as foliage-leaves, or as the well-known scale- 
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leaves. But after the pinna? have made their appearance, differences in the mode of 
development begin to be apparent, and make it necessary to treat of the two series of 
leaves separately. 

(\ Foliage - leaves. 

The apical growth of the phyllopodium, which was never very marked, ceases with 
the appearance of the pinnae ; a slow intercalary growth is however maintained through- 
out its length, but is specially localised at different points in it at different times. In 
the basal portion the transverse intercalary growth is continued slowly throughout the 
transverse section, producing a widening of the sheath, which thus accommodates itself 
to the increasing bulk of the younger leaves within it ; this transverse growth is accom- 
panied by a slow longitudinal growth resulting in an elongation of the sheath. The 
most active intercalary growth goes on in the part of the phyllopodium above the sheath ; 
this part elongates as the petiole, and carries the part which bears the pinna? up with 
it. Meanwhile the pinna? themselves remain in close juxtaposition one with another, 
the elongation of the part which bears them being subsequent to that of the lower 
part or petiole. From the observation of marks, originally drawn at equal distances 
apart on the young elongating leaf, it may be observed that the point of maximum 
activity of elongation is at first at some distance below the insertion of the pinna?, and 
gradually proceeds upwards along the leaf; the final result is that the ultimate 
extension of the tissues is greatest in the sections immediately below the lowest 
pinnae. 

Meanwhile the petiole has increased in bulk, and presents the well-known almost 
cylindrical form, but the traces of the two longitudinal ridges may still be found in 
their original positions, and are well marked in certain other species ( e.g ., C. revoluta). 

Passing on now to the pinna:, as above stated, these soon assume the form of rounded 
papilla? which show in section that they consist of a mass of meristem, covered by a well- 
marked dermatogen. These papilla? elongate transversely to the axis of the phyllopodium, 
but their growth is not specially localised, though there is a slight indication of this at 
the base of each pinna. The growth is unequal and hyponastie, resulting in the well- 
known circulate curvature of the young pinna. The tissues at the apex of the young 
pinna remain actively meristematic after two complete circles of circulation have been 
completed, and oven after the pinna has begun to uncurl ; but the activity at or near that 
point is not greater than elsewhere. Soon after this the apex passes over to the 
condition of permanent tissue, and as it does not take part in the subsequent develop- 
ment of wings, it remains in the mature leaf as a distinctly acuminate process. 

The rounded form of the young pinna is soon lost by the formation of lateral unrigs 
similar in relative position to those on the phyllopodium. A transverse section of a 
very young pinna shows an almost circular outline, while the tissues appear 
undifferentiated, and all the cells capable of division. Later the longitudinal divisions, 
i.e., in planes parallel to the organic axis of the pinna, cease in the central portion of 
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the section, while the cells increase in size, the whole forming the midrib of the pinna. 
Cell-divisions are however continued below the epidermis at the dovBal side of the 
pinna, thus forming the Injpoderma (Kraus, Cycadeenfiodern, pp. 321—323) ; also along 
the ventral surface, and especially at the two angles of the section. Here the cell-divi- 
sion is particularly active both in the epidermis and the sub-adjacent tissues, and the 
arrangement of the walls is almost exclusively anticlinal, i.c., in planes perpendicular 
to the external surface. Thus at the margins of the ventral face ol the pinna, two 
viii'js aro formed, which consist of a number of internal layers of cells, varying in 
number from 10 near the midrib to about 8 at the margin, and covered externally by 
the continuous layer of dermatogen. As is well known, a single vascular bundle 
traverses the midrib of each pinna longitudinally, to the apex ; no lateral branches are 
given off from it. Accordingly there is no disturbance of the layers of cells in the 
wings by sub-division and formation of procambial bundles ; instead of this the cells 
of the four or five central layers cease their anticlinal division, the cells elongate, and 
those nearest the centre form the transfusion-tissue of Mohl. The two layers, 
adjoining tho upper and lower layers of epidermis respectively, develop irregularly ; 
cells of the outer layer sometimes forming hypoderma (and this is especially the case 
at the margin) ; sometimes they develop as palisade parenchyma, especially at the 
upper surface. The layer immediately below it accommodates itself to the mode of 
development of the outer layer. The wings extend throughout the mature pinna from 
closely below the acuminate apex to the base, and on the side nearest the base of the 
leaf the wing is continued for a short distance down the phyllopodium. 


d. Scale-leaves. 

The first leaves which succeed the cotyledons develop only as scale-leaves, and 
leaves of similar form alternate with the later, more fully developed foliage-leaves. 
It has been above stated that in their first origin, and up to the time of appearance 
of the pinnae, there is no perceptible difference between the scale- and foliage-leaves. 
The differences which appear later are as follows : — The pinnse do not advance 
beyond a rudimentary stage, and remain as rounded papillae ; later the whole of 
the upper part of the leaf with the pinnae becomes dried up (compare Osmunda, &c.). 
The lower sheathing portion of the scale-leaf differs in bulk from that of the foliage- 
leaf, the former being much less massive, while the curve described by the inner sur- 
face, as seen in transverse section, is much larger than in the latter (Plate 39, fig. 29, a, b). 
Differences may also be recognised in internal structure, though the plan on which the 
two forms of leaf are constructed is identical ; thus the arrangement of the vascular 
bundles is closely similar in scale- and foliage-leaves, but while a band of sclerenchyma 
extends along both tho upper and lower surfaces of the basal part of the foliage-leaf, 
that tissue is almost absent from the scale-leaf. 

Thus, as has been pointed out by Goebel (Bot. Zeit., 1880, p. 784), but without 
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investigating them developmental] y or anatomically, the scale-leaves are to be 
regarded simply as altered foliage leaves, which might have developed as such, but 
are arrested at an early stage ; their basal portion is proportionally widened, and 
their apical part aborted (compare Onoclea, Osmunda , and To < lea barbant). 


Cycas Jenkins lav ci, Griff. 

The above observations on seedlings of Cycas Seemanni not having been quite 
conclusive on the point of the order in which the pinnae appear, it was desirable to 
control them by observations on some older plant, the leaves of which produce a large 
number of pinnae. Cycas Jcnkinsiana was selected for this purpose ; the individual 
plant bore on one leaf about forty pinnae on each side, those on opposite sides being 
arranged in more or less regular pairs. In addition to these there were about ten 
pairs of spines on the lower part of the leaf, corresponding in position to the pinnae, 
and, as will be shown below, produced in the same manner as the pinme with which 
they are homologous. The young leaf of tins species is similar in general confor- 
mation to that in C. Seemanni; it consists of a central columnar portion, on which 
are formed two lateral, longitudinal ridges. These are most strongly developed at 
the base of the leaf, forming a more prominent sheath than in C. Seemanni ; they 
may, however, be clearly traced as continuous to the apex of the leaf, which is 
thus in its early state a simple winged phyllopodiutn. 

The numerous pin me make their appearance almost simultaneously throughout the 
entire length of the lateral wings, as gentle undulations, which gradually assume 
the form of rounded papilke. There is a slight but unmistakable indication of a 
priority of appearance of those pinnae which are formed about the middle of the 
leaf, while those nearer the apex and the base appear rather later (Plate 39, fig. 30). 
This observation thus corroborates that of Warming (l.c., Taf. 3, fig. 20), though the 
difference seems to be less marked here than in Warming’s specimen of Cycas 
circinalis. In the development of the normal pinna) there is no difference from 
C. Seemanni requiring further remark ; but as may readily be seen at the lower 
part of the mature leaf, there is a gradual transition downwards from the normal 
pinme to reduced spinous structures, which occupy a position similar to the pinnae, 
and are doubtless due to arrested development of homologous structures. This 
view is thoroughly borne out by observations of their development. It may be 
seen in leaves in which extension has not begun, that the formation of pinme 
is continued along the wings in a basipetal direction almost down to the sheath. 
It is just above the sheath that the petiolar extension begins, and it is most 
marked over the lower part of that region on which pinnae have already appeared. 
These lower pinnae are thus separated a considerable distance one from another 
(Plate 39, fig. 31), at the same time they remain in a comparatively rudimentary 
state, and do not keep pace with the increase in size of the pinnae above the region 
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of early extension; this check, which the lower pi none suffer at this early period, 
is permanent, and they appear on the mature leaf as the spines above described. 

It is clear that we have here a further example of a phenomenon noted long ago 
by A. DJ5 St. Hilaire,* and called by him “ balancement d’organes,” and which has 
long been recognised by botanists. This mutual dependence of organs one upon 
another in respect of their individual development has been recently again described 
and experimented upon by Goebel (Bot. Zeit., 1880, p. 809, &c.), and designated 
“ correlation of growth.” This author has demonstrated that there is a mutual 
dependence in the mode and extent of their development, between the main shoot 
and lateral shoots, between the foliage- and scale-leaves of a single shoot, and further 
between the sporangia and the vegetative development of the shoot which bears 
them : a stronger development of the former structure in each of these cases being 
shown in a series of examples to be accompanied by a reduction of the latter, while 
if, artificially or naturally, the former structure be removed or reduced, at an early 
stage of development, that removal or reduction is followed by a correspondingly 
stronger development of the latter structures. He further pointed out that this corre- 
lation has a very wide influence upon the conformation of the members of plants. 

Tn the leaf of Cyoas Jenkinsiana the correlation may be followed a step further, and 
be recognised as prevailing between the parts of a single leaf. The pinnae situated 
upon that part of the phyllopodium where growth and extension begin at an early 
period are arrested in their growth and develop as spines, while those borne by that 
part of the phyllopodium which extends only at a later period are not so arrested, 
but grow into normal, winged pinna;. A similar correlation appears to me to 
afford at least a partial explanation of the very rudimentary condition of the winged 
structures on the petiole in Cycads, and in many Ferns. Probably a correlation such 
as this is very widely spread among plants, and especially in those with petiolate 
leaves. A more exact study of these, and especially of the distribution of their 
growth, not in space only, but also in time, would doubtless lead to an explanation of 
many familiar phenomena of form. 

Dioon edule. 

From the arrangement of parts at the apex of the leaf of Dioon, it appeared not 
improbable that that genus would approach Cycas more closely in the order of origin 
of the pinnae than othors of the Encephalartece. The plant on which observations 
were made bore one mature foliage-leaf, which had on each side about 50 pinnae. 
Both scale- and foliage-leaves in Dioon edule have a comparatively narrow base, but 
immediately above the point of insertion the margin curves suddenly in a lateral 
direction, so that the basal portion of the leaf is broadly sheathing. The wings of 
this sheath may be traced upwards, as in the leaf of Cycas, to the apex of the phyllo- 
podium. As in Cycas the pinnae appear on those ridges, and in leaves in which they 


* Lefons de Botanique. p. 220, 1840. 
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had already been formed in considerable numbers, it was clear that the development 
proceeded in a basipetal direction. This could be proved as follows, on the assump- 
tion that leaves formed subsequently to those already developed would form approxi- 
mately as many pinnae as they. The foliage-leaf of this plant of Dioon formed about 
50 pinnae on each side. In one young leaf, which showed no sign of apical growth, 
there were about 25 pinnae on each side, while those nearer the base were successively 
smaller than those above, till their identity was gradually lost in the smooth ridge ; 
a considerable space, however, intervened between the lowest traces of the undulation 
and the sheathing wings. These facts being so, and the next older leaf having a 
larger number of pinnae, while the next younger one had fewer, the conclusion may 
be safely drawn that there is a formation of pinna’ in basipetal order of succession. 
But this does not exclude the possibility of a simultaneous development in an acre- 
petal succession, at least among the earliest formed pinna', and the observation of 
younger leaves, in which the formation of pi nine is just beginning, gives good evidence 
that there is also an acropetal succession, which is, however, soon arrested. Thus on 
the youngest leaf of the plant in question, which bore any traces of pinnae, it was 
distinctly seen that those at the extreme apex of the leaf were smaller than those 
slightly lower, while those lower still were again smaller (Plate 39, fig. 32). This 
appearance not being supported by observations of more than a single specimen, is 
capable of two interpretations: (l) There may be, and I think that there almost 
certainly is, a weak acropetal succession, only a few pinna 1 being formed subsequently 
to, and above those which first appear : to prove this is impossible on a single 
specimen, since the same difficulties arise here as in Cyras Seemanni , and Stavgeria, 
and other cases where the number of pinna? is small ; (2) It may be that the develop- 
ment is really basipetal throughout, but that those pinnae which are nearest to the 
apex develop less strongly than those formed below, but subsequently to them. I 
am unable to give a decided opinion either way, but think the former interpretation 
is by far the more probable. If it were distinctly proved, the case would be an 
interesting one for comparison with Cyras, since it would be the only example among 
those Eucephitlartea: which f have investigated, of even a limited acropetal order of 
succession of the pinna? ; moreover, there would thus be added one more character in 
common between Cycas and Dioon. 


Macrozamia Mujucli. 

The material at my disposal consisted of young plants only. These showed on the 
mature leaf a terminal spine, representing tho apex of the phyllopodium. It was 
never observed to have developed as a winged structure. On the phyllopodium are 
borne pinnse, usually to the number (in the plants investigated) of about 1G on each 
side: those at the apex of the leaf are usually arranged in equal pairs, though they 
are sometimes irregular. The base of the phyllopodium is as usual developed as a 
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winged sheath. The pinna* frequently have marginal teeth, which vary in number 
and size, not only from plant to plant, but also from leaf to leaf. While one plant 
observed had hardly any teeth on any of its pinnae, most of them had several on each 
pinna, the number varying from two to four or five: thus the occurrence of these 
teeth is a very inconstant phenomenon. 

Turning to the process of development, the young leaf of M. Miqueli has a similar 
form to that described for other Cycads (Plate 39, fig. 33), viz. : it is conical, with 
the ventral face flattened, and it is traversed from base to apex by two lateral ridges, 
which are extended near the base as sheathing wings. In their upper part, be., above 
the wings, they are at first smooth ; as the leaf grows older, undulations appear first 
close to the apex ; these undulations, which are the first indications of the young 
pinna*, round themselves off as hemispherical papillte ; later they assume an ellipsoidal 
form (Plate 39, figs. 34, 35). As to the order of succession in the appearance of the 
pinnae it can be clearly proved in this plant that it is basipetal, the same arguments 
being applicable here as in Dioon edule. But there is this difference between the 
two, that whereas in Dioon there are traces of an acropetal order of succession 
in the pinna) nearest the apex, such a succession is completely absent in Macro - 
zamia. It will be obvious from a comparison of tigs. 33 to 35 that though the 
leaf may at first increase in length by apical growth, this ceases soon after the 
formation of the first pinnae, and the subsequent elongation must be intercalary : 
also it may be readily proved by measurements that this intercalary growth is 
more active in the lower part (c.g., below the fifth highest pinnae in the figs.) than 
in the upper part of the leaf : a similar observation will apply to other examples 
described below. 

The basipetal succession is also maintained by the pinnae in their further develop- 
ment : those situated near to the apex of the leaf are the first to assume the ellipsoidal 
form above mentioned (Plate 39, fig. 35) : the longer axis of the ellipso is placed 
obliquely to the axis of the phyllopodium, the lower end of the axis pointing outwards : 
this corresponds to that oblique insertion of the pinme to be observed in the mature 
leaf of so many Cycads (Plate 39, fig. 37). Very soon after assuming the ellipsoidal 
form, the pinnae show traces of a marginal crenation (Plate 39, figs. 35, 3G), the number 
of lobes is small, and corresponds to the number of teeth of the pinnoe, of which they 
are the first indication : the teeth thus appear at a very early period, before the tissues 
of the pinna) are differentiated, and a considerable time before the lignification of the 
elements of the xylem. 

The pinnae in their further development show a localisation of their intercalary 
growth below the teeth (or pinnules, as they may perhaps be called), so that in the 
mature pinna the teeth are situated at or very near to the apex. It has been 
impossible to find any single lobe constantly in advance of the others, which could in 
any sense be regarded as the apex of the pinna : still, one lobe is frequently more 
prominent than the rest (compare figs.). 
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Enceplialartos Jiarteri. 

This plant affords a most conclusive proof of a development of pinna} exclusively in 
basipetal order. The average number of pinnae on each side of the mature leaf of the 
plant investigated was rather over 40. The apex of the phyllopodiurn extends beyond 
the topmost pinnae as a short terminal spine : at the margin of the mature pinnae, and 
especially near the apex, a number of spinous outgrowths (pinnules ?) are formed. 

The leaf has in its early stages of development a similar conformation to that in the 
forms already described, but the wings at the base of the leaf are of largo size, and 
subsequently extend upwards as in Ceralozamia (ef. infra). No pinna; are formed, at 
least in the plant dissected, till the young leaf has attained a considerable size, with 
well developed ridges running to the .apex (Plate 39, fig. 38). The formation of pinna; 
then begins close to the apex, as a series of rounded papilla;, which subsequently 
become ellipsoidal, their longer axes being oblique to the phyllopodiurn (Plate 39, 
fig. 39). There are no signs of any development of pinnfe in acropetal order ; on the 
other hand all evidence tends to show that the order of succession is exclusively 
basipetal. Thus (l), the pinnae decrease in size from above downwards ; (2) as above 
mentioned, the average number of pinnae on each side of the leaf of the plant in ques- 
tion was over 40 : in the leaf represented in Plate 39, fig. 39, there are 12 on each 
side, while a considerable space intervenes between the lowest pinna; and the basal 
wings ; in the next older leaves this space is occupied by young pinna;. There is 
thus conclusive proof of an exclusively basipetal order of development of the pinnae in 
this plant. Marginal spiues, similar to those in Macrozaviia Miqueli, are formed at a 
comparatively early period on the pinnae. 


Ceralozamia Mexicana, Bhong. 

Observations were made upon a well-grown plant of this species, which had four 
fully-developed foliage-leaves. Each of these bore from 18 to 28 pinna;, that is 9 to 
14 on each side of the phyllopodiurn. The pinna; near the apex are arranged in 
regular pairs, while those nearer the base are less regular in this respect ; and it may 
be here remarked that this is generally, but by no means always, the case with those 
members of this group in which the development proceeds in basipetal order. On 
the other hand, in those plants which like Cycas have divaricating order of develop- 
ment, the pairs at the point where development first begins are most regular, while the 
regularity is not so marked in the later formed pinnae. There appears then to be, 
roughly speaking, a tendency to regularity of arrangement in pairs among the pinnae 
first formed, and a gradually increasing irregularity in those formed later. But this 
does not hold without exception. 

The lower part of the phyllopodiurn, when mature, bears numerous spines 
irregularly arranged. These resemble the spine-like pinnae of C. Jenkimiana in 

MDCCCLXXX1V. 4 G 
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general appearance, but not in position. They were not to be found upon the young 
leaves of the plant investigated, and this would point to a late origin, which, together 
with the irregularity of their arrangement, would give them the rank of emergencies. 
This cannot, however, be accepted as conclusive, since they are entirely absent from 
some leaves, even when mature, and that may have been the case with the young 
leaves which were observed. However this may be, they are certainly not constant 
in occurrence nor in arrangement. 

In very young leaves, before the pinna) make their appearance, there are to be seen 
two lateral, basal wings, as represented by Warming ( l.c ., Taf. 4, figs. 16-19) for 
Ceratozamia longifolia. As in other cases these may be traced upwards in the young 
leaf, and be seen to be continuous with the two lateral ridges, which run to the apex 
of tho phyllopodium. The phyllopodium is thus, as in other cases, fundamentally a 
winged structure. As the leaf grows older the basal wings become elongated upwards as 
broad flaps (cf. Warming’s figure, l.c., Taf. 4, 19). Up to the time of appearance of 
the first pinna) there is no connexion between the flaps transversely across the face of 
the phyllopodium. At a later period, after the pinna) have begun to be formed, a 
more or less irregular and lobed extension of the wings is formed on the face of the 
phyllopodium, which connects the two wings one with another, and remains per- 
manently, so that it can readily be recognised at the base of the mature foliage-leaf, 
and may be found also on the ventral faco of the scale-leaf. This connexion between 
the wings transversely across the face of tho phyllopodium is interesting when com- 
pared with other examples of a similar process above described : thus in Todea and 
in A nyiopteris similar developments have been noted ; but there is a difference in the 
time of development : thus in Todea and in Ceratozamia the connexion appears at a 
comparatively late period, whereas in Amjiopteris the transverse connexion is present 
from the first. 

As described by Warming, the order of formation of the pinna) is basipetal. This 
may be proved in the same way as in Encephalartos Barter), (Plate 40, fig. 40). The 
young pinna) are much like those of Zamia, but the margin is not undulated, but 
smooth. 


Zamia muricata. 

As statements have already been made by Karsten as to the development of the 
leaf in this plant, it was important to observe the early stages of the process carefully, 
and especially so because his observations do not coincide with my own and with 
Warming’s on Macrozamia and Ceratozamia, &c. From the passages quoted it appears 

* 0 1 'g. Botr. cl. Zamia muricata , p. 197. He says: “Alle Fiederbliittchcn ersekoinen bei ibrem ersten 
Auftreten in dcr Form lialbmondformigcr Wiilste ; ” and later on, p. 211 : “ Yon mehr Bedeutung wiirdo 
fur den Vergleich dor Cycadeen mit den Farren die Entwickelungsgeschichte and Entfaltungsweiso dor 
Blatter gowesen sein, die bei diosen Familien gloiebraassig von unton nacli oben fortschreitet, wahrend 
boi don \ibrigen Phanerogamcn die Entfaltung dos 13 lattes von oben naedi unten.” 
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that he thought that at least in Zamia mnricata the development of the -whole leaf, 
and its extension proceeded from base to apex. In the former of the two passages 
however he describes the first appearance of the pinna? as “ semi-lunar weals ” ; this 
does not correspond to my own observations on other Cycads. Thus there are two 
questions to be decided: first, in what form do the pinnae first appear? second, do 
they appear in acropetal or in basipetal succession ? 

On examining young leaves of Zamia mnricata it was found that the form of the 
pinnae on first appearance, and their order of succession, were similar in all essential 
points to that described in Macrozamia and Ceratozamia. Thus the pinna? do not 
arise as “ lialf-moon-shaped weals ” but as undulations of the surface of the ridges, 
which round themselves off as hemispherical papilla?, and then subsequently assume 
the obliquely ellipsoidal form. Further, the order of succession of their appearance is 
clearly basipetal, and no signs of any acropetal succession were found in the leaves 
investigated. Judging from Karsten’s description of the first appearance of the 
pinna? as “semi-lunar weals,” I should think that he did not see the earliest stages of 
their development at all, though such observations alone can give true ground for 
statements as to the order of development of the parts of the leaf. 

Marginal crenations or teeth are found on the pinna? of most if not all species of 
Zamia, and some observations wore made upon their origin, and the time of their 
appearance. They are absent from the basal part of the pinna? ; the margin of the 
apical part of the pinna is seen at an early stage to be crenated (Z. lioliviana ? 
— Loddegesii), even while the lignification of the vascular bundles has hardly begun : as 
to the order of development of the crenations, I have not been able to come to any 
conclusion, but it may readily be seen in young pinna? that they are more marked at 
the lateral margins than at the apex. Each crenation corresponds in position to the 
end of one of the procambial strands, or vascular bundles : this may be compared with 
what has already been observed by Prantl* in the leaves of certain Ferns, in which, 
as he describes it, the ends of some of the nerves (hence called ribs, costa;) perform 
the function of growing points during the development of the leaf: a similar but very 
rudimentary development is to be found in most of the Encephalartea, also in Botry- 
chium, and in Ginkgo. 

The phyllopodium of Zamia ends in a terminal spine. During the extension and 
unfolding of the leaf there is a curvature of the phyllopodium, which has been 
regarded as bearing an outward resemblance to leaves with circinate vernation. This 
curvature, however, appears only at a comparatively late period, the phyllopodium of 
young leaves being straight in those plants both of Zamia and of Ceratozamia, which 
I have observed. 


* Untersuchungen zur Morphologic der Gefaaskryptogamen. Heft I., p. 4, Ac., Heft II., p. 4, Ac. 
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Stangeria paradoxa. 

This genus of the Cycadaeew approaches tho Marattiacece more nearly in external 
aspect than the rest : the venation of the expanded pinnae, their small number, and 
the sheathing stipule are common characters, which at once assert themselves. The 
superficial resemblance is so strong that the plant was first described as a Fern by 
Kuntze. w It was thus a matter of considerable interest to work over the development 
of the leaf in Stangeria paradoxa, and to compare it on the one hand with Angioptens, 
and on the other with the rest of the Cycadaceat. 

In the first place, the idea suggests itself that there might be a closer correspondence 
between this plant and Angiopteris in the character’s of the apical meristem than is 
found in other Cycadaeeie. Sections showed that this is not the case, the apex neither 
of the stem nor of the leaf of Stangeria showing any greater similarity to those of 
Angiopteris than that of Cycas. 

The leaves appear as broad roundish swellings on the conical apex. At a very 
early period an outgrowth of the ventral face appears below the apex of the young 
phyllopodium, and results in the formation of a transverse weal or ridge, which is 
curved downwards at the lateral margin, and thus presents a convex upper surface 
(Plate 40, figs. 41, 42). This axillary stipule, as it may he called according to the 
present terminology, grows to a considerable size, and overarches in the first place 
the apex of the stem, and also the successively formed younger leaves (Plate 40, 
fig. 44). When seen from above it may be observed that there is a slight median 
emargination, which however is not very pronounced at any period. This structure 
appears to be the homologue of the similar structures in Angiopteris, Todea, and 
Ceratozaima. 

The part of the phyllopodium immediately above the sheath does not show clearly 
marked longitudinal weals (compare Angiopteris and Todea), though a winged 
structure is slightly apparent in the upper portions of the mature leaf in all the 
plants named which have this conformation at the base. Some time after the sheath 
is formed and considerably advanced, the pinna) make their appearance. Their 
number being small, and the material limited, I have been unable to observe the order 
of their development with certainty. As in other Cycads, they appear when young 
as rounded papilla), and are arranged in two longitudinal rows. There is some 
irregularity in the manner in which they are disposed at the apex of the phyllo- 
podium. In some leaves there are two equal pinnae placed symmetrically on either side 
of the apex (Plate 40, fig. 44), while the latter may be sometimes recognised at the 
back of them as a very minute projection.! In other cases there is a distinctly 
median pinna borne at the apex of the phyllopodium, or it may be that the 
apex of the phyllopodium itself grows on as an elongated winged structure, 

* Stangeria pared o,m -= Lamar ia coriacea , L. eriopus. Kuntze, Lirm. x., 102, 500, and xviii., 116. 
f Such an arrangement calls to mind that often found at the apex of the leaf of Itotrychium or, as a 
still more reduced form of a similar arrangement, the apex of the leaf of Ginkgo. 
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similar to the pinnae. The pinnae elongate, but remain straight (Plate 40, fig. 45) ; at 
the margins of the ventral surface a winged development begins, which is continued 
here over the extreme apex of the pinna, thus producing that appearance of a gradual 
fading away of the midrib, towards the apex of the pinn*. 

Turning now to the details of development of the pinna, it is seen in transverse 
sections of pinnce of various ages that at all times the external surface is covered by a 
continuous layer of dermatogen, in which periclinal cell-divisions never occur. At the 
very first appearance of the wings, both periclinal and anticlinal divisions are found 
in the cells lying below the dermatogen ; but soon the former cease, and as the result 
of continued and successive anticlinal division, the wings as they develop are com- 
posed as in Ci/cas of a number of clearly-defined layers of cells, enclosed by the 
dermatogen : thoir number varies from about eight or more (exclusive of the derma- 
togen) at points close to the midrib, to six or five towards the margin. Tho 
regularity of these layers is subsequently disturbed by the occurrence of periclinal 
walls also, along the course of the future vascular bundles, thus resulting in the 
formation of procatnbial strands. About the same time as the procarnbial strands 
make their appearanco the margins of the wings become gently serrated, especially 
near the apex : the serration is already clearly marked before lignification begins in 
the wings, but its appearance is subsequent to that of the lignification in the midrib. 
The chief increase in surface of the pinna is by intercalary, longitudinal and transverse 
growth. It is thus apparent that the development of the wings is closely similar to that 
in Cycas, or in Gnetum (infra) ; also that though the ultimate external appearance of 
the pinna resembles that of Angiopteris more than either of the above genera, still 
there is between the two this difference in their mode of development : that whereas 
there is a clearly marked and continuous dermatogen in Stangeria, in Angiopteris there 
are repeated and frequent periclinal divisions in the peripheral cells, and especially in 
those near the margin of the young wing. 

Gnetaceas. 

Gnetum Gnemon. 

Having already prepared notes on the development of the leaf in the Gnetacece, it 
appeared to me better to embody the results in the present paper along with those 
above detailed than to defer their publication ; moreover this course is justified by 
the bearing which those results have upon the general subject now in hand. 

The cotyledons of Gnetum Gnemon develop in a similar way to the ordinary foliage 
leaves. These arise in decussating pairs, and at first appear as rounded papillae : the 
apices of these papillae soon become slightly elongated, so that the form of the whole 
young leaf is acutely conical, while below it is massive (Plate 40, figs. 47-50). At 
first cell-division and concomitant growth go on almost uniformly throughout the 
young leaf, but even at such an early stage as that represented in Plate 40, fig. 47, 
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the cells of the internal tissue at the extreme apex of the leaf contain single, large, 
compound crystals apparently of calcium oxalate ; these remain permanently as the 
leaves develop, and point to an early cessation of meristematic activity in the tissues 
at the apex of the leaf. The tissues below tins apex of the conical phyllopodium 
retain their activity and growth, which go on almost uniformly for a time over the 
whole of any given tranverse section. Soon, however, differences appear in this 
respect ; the cells of the dorsal side of the phyllopodium cease to divide in longi- 
tudinal planes, though longitudinal sections show that most of the elements continue 
to divide by tranverse walls : at the same time the dorsal portion increases in bulk, 
while the tissues become differentiated, and show all the signs of passing over to 
permanent tissue. Along the ventral surface of the leaf, however, and especially at 
the two corners of its outline of transverse section, which is now angular, the cells 
still divide in longitudinal planes, and show signs of great meristematic activity : the 
division-walls, which appear at the corners of the section, show considerable regularity 
of arrangement. All those divisions of this period which can be seen in a transverse 
section are anticlinal : the result of this, together with the accompanying growth, is 
the formation of two projecting wings attached at the corners of the ventral side of 
the phyllopodium (Plate 40, figs. 49, 50), and extending from close below the apex, 
which is itself not winged, almost to the base. Since all the divisions of cells in the 
wings are at first anticlinal, the tissues develop as well-defined layers, parallel to the 
outer surfaces ; each wing consists of upper and lower layers of derniatogen, which, 
as usual, cover the surface externally, and enclose eight or nine regularly arranged 
layers of internal tissue. The growth of the wings is not localised at any definite 
point, but the divisions at the margin are less frequent than nearer the midrib : this 
shows that the growth is intercalary, not marginal, as in the Ferns. The uniformity 
of arrangement of the divisions in the wings is disturbed at certain points by the 
appearance of periclinal and irregular divisions in the central layers, which result in 
the formation of procambial strands. The periclinal divisions also extend in some 
cases, where a large bundle is formed, to the layers immediately below the derma- 
togen ; the cells thus produced, together with the vascular bundle which they enclose, 
form one of those ribs which project on the lower surface of the mature wing. 

Applying the same terminology as lias been used above, it is obvious that the 
leaf of Gnetuvi Gnemon is a simple unbranched phyllopodium, on which wings are 
developed in a corresponding position to those in the Ferns and Cycads : there is no 
definite peculiarity of conformation at the base of the phyllopodium, beyond a slight 
increase in bulk towards the base, which assumes the form of a smooth transverse 
ridge on the ventral face, above the position of those glandular structures which I 
have described elsewhere (Quart. Journ. Micr. Sci., vol. xxii., p. 283, plate 35, 
fig. 19). The wings themselves develop in a manner very similar to those of the pinnse 
of Cycas or Stangeria, until the special peculiarities accompanying the formation of 
the vascular bundles and ribs make their appearance. Comparing the leaf of Gnetum 
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with that of the Cycadacese it appears that the two structures are not unlike at an 
early period (figs. 49, 38, 33, 24) ; the difference between them when mature depends 
mainly upon the large development of the pinnae, and the almost complete abortion of 
the wings of the phyllopodium in the Oycadacene, while in Gnetum the pinnte are 
entirely absent, and are replaced by a larger development of the wings. 

A few words must be said upon a certain irregularity in the arrangement of the 
bundle-system in species of Gnetum, though this lies outside the present subject. As 
already described (/.c., p. 285), the leaf-trace of Gnetum Gnemon consists of five 
bundles, one being median. I have found the number of bundles of the leaf-trace to be 
uneven, one bundle being median, in the following specimens supplied from the Her- 
barium at Kew : G. latifolium, Celebes ; G. paniculatum, Brazil ; G. scundens, G. venosum, 
America ; also in an unnamed species (Motley, No. 1063) from Borneo. In those plants 
the single median bundle could be traced as continuous from the stem into the upper 
regions of the leaf, and it coalesces with the lateral bundles rarely, if at all. In one 
species, viz., G. Africanum * the central bundle is found to be absent : the leaf-trace 
consists here of but four bundles disposed in two pairs. Tracing these upwards 
into the leaf, they aro found to take distinct courses, and in the leaf which I 
investigated, no fusion was seen to take place between the pairs. This difference of 
the bundle-system is not accompanied by any marked modification of outer confor- 
mation ; the leaf is even accumulate, while in some species with a median bundle the 
apex of the leaf is emarginate G. venosum). This inconstancy of arrangement 
of the vascular bundles is particularly interesting as occurring in the Gnetacem. It is 
well known that a single median bundle is not as a rule to be found in the leaves of 
the Gymnosperms.t Here in one genus (Gnetum), which approaches the Dicoty- 
ledons so markedly in the character of its leaves, the gap is bridged over by the 
presence in some species of a single median bundle, as in so many Dicotyledons, while 
in one species (or more) with a similar external conformation of the leaf, the median 
bundle is absent, and the vascular system thus conforms rather to the type of most 
Gymnosperms. 

Other cases such as this, which also occur, though in a less clearly defined manner,} 
show how insecure are those attempts, so frequently made, to solve morphological 
problems by reference to the position of the vascular bundles. 


Welwitschia mirabilis. 

In the cotyledons, from the period of ripeness of the seed, the growth is intercalary, 
and not specially localised at any point. It results in the formation of a flattened 

* A similar observation lias been made by Stuasmjrgkr, 1 Conif. u. Gnet.,’ p. 115. 
f Warming, ‘Recborcbes et remarques sur les Cycadeos,’ pp. 22, 23. 

{ Compare the cotyledons of Cijms above described, those of Zamiii (Warming, Lr., Taf. 3, fig. 28) , and 
of certain Dicotylodons (Du Baky, ‘ Vcrgl. Anat.,’ p. 24(5, Ac.). 



600 


MR. F. 0. BOWER ON THE COMPARATIVE MORPHOLOGY OF THE 


organ, without any midrib, and with a venation similar to that already known for the 
plumular leaf (compare De Bary, ‘ Yergl. Anat.,’ fig. 145). 

The plumular haves are first formed after germination begins, as a pair decussating 
with the two cotyledons. The first stages of their development have not been traced, 
but in seedlings about six weeks old, in which the plumular leaves are still very 
small, it may be clearly seen that their mode of growth already proceeds according to 
the same system as is maintained throughout the life of the plant. Longitudinal 
sections of such a seedling show that the tissues at the apices of the young leaves 
have already lost their meristematic activity, while spiculnr cells are already to be 
Been embedded in the parenchyma (Plate 40, fig. 52). Passing downwards from the 
obtuse apex of the plumular leaf towards its base, it is seen that the tissues become 
constantly more active, while at the extreme base divisions by -walls perpendicular to 
the organic axis of the leaf follow in quick succession, and show that the leaf, while 
still small, owes its increase in length to the activity of a well-marked basal inter- 
calary zone. In such young leaves cut in median longitudinal section (Plate 40, fig. 
53) the tissues are seen to be arranged in regular layers, about ten in number, 
including the epidermis : no perielinal divisions appear in these layers, as a rule, 
during their development into mature tissue, so that they may be distinctly followed 
up into the more mature parts of the leaf. As the plant grows older there is an 
increase in the number of active layers in the intercalary zone, and therefore also in 
the mature portions of the older leaf. Thus in sections from an old plant it was 
found that the total number of layers was about 26. 

This increase in thickness is quite eclipsed by the increase in width of the whole 
leaf. As seen in fig. 52, the base of the leaf where it is inserted on the axis is the 
widest part of the whole leaf ; in older plants the width of the mature portion of the 
leaf exceeds that of its insertion to a slight, but not very marked, degree. Thus there 
is but slight growth in the direction of the surface of the leaf as the tissues become 
successively developed. This being the case, sections through the base of the leaf 
will give a true indication of the distribution of the growth which brings about the 
increase of width of the leaf as the plant grows older. A series of such sections is 
represented in Plate 40, fig. 54, a-d : (a) shows the young plumular leaf about the 
same age as in figs. 52 and 53, with the two first vascular bundles already 
developed (i, i) ; in (b) a second pair of bundles is to be seen (ii, ii) between the 
margin and the first pair ; in (c) a third pair (iii, iii) has appeared in a similar position ; 
in ( d ) the three pairs are still to be seen, but between them other bundles have now 
been intercalated. 

On comparing these sections closely it will be seen that there has been a constant 
increase in distance between the bundles of the first pair. The same is the case with 
other parts of these sections, and a comparison of sections shows a continued but not 
rapid division of cells perpendicular to the surface. This transverse growth is not 
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localised at any point in the section, but as a comparison of a-d will show, is almost 
uniform throughout. 

For comparison with the leaf of Welwilschia some observations "were made on the 
development of the phylloclade of Ruseus androgynus , with the result that in the 
main points there was found to be a close correspondence between them. In Ituscvs 
the apical part of the phylloclade soon lost its meristematic activity, and the further 
growth was localised in the basal part of the organ, both in a longitudinal and trans- 
verse direction. Even the vascular bundles showed some similarity of arrangement, 
two lateral bundles being in advance of the rest. The only essential difference 
between the two structures is their point of origin relatively to the other members of 
the plant. 


Ephedra dvUachya . 

In order to complete the series, observations were also made on the leaves of Ephedra 
distachya , which are borne in whorls of three ; the upper part of each leaf is linear, but 
the basal part is winged, and the leaves of each whorl are united by the wings into a 
sheathing base. The development of the leaves is simple. Longitudinal sections of 
the apical bud show that the leaves arise as separate, lateral, conical protuberances on 
the conical apex ; the growth and cell-division are at first uniform. When the young 
leaves have advanced so far as to overtop the apex of the stem, active meristematic 
division at the apex of the leaf ceases, but it is continued at the base. This becomes 
still more apparent in older leaves. Thus the greater part of the leaf owes its origin 
to intercalary growth at or near the base of the leaf. This is accompanied by a 
winged development at the base, the growth extending to that part of the axis which 
intervenes between the members of one whorl : thus the sheath-like structure above 
noted is the result. Tranverse sections (Plato 40, fig. 55, i.-iv.) show that the leaf is 
here also essentially a winged structure, though the wings are reduced : still the 
similarity between this leaf and that of G net urn and many Conifevoi is not difficult to 
trace. 

For the development of the elongated cotyledons no material was at hand, but I 
should conclude from the structure of almost mature ones, as well as from their mode 
of growth during germination, while the seed is still retained at their apex, that they 
increase by intercalary growth. 


Conclusion. 

It remains to draw together the results which have been obtained from the investi- 
gations above detailed. We are now in a position to state the characters of the phyl- 
lopodium in the lower forms of vascular plants, and then to follow those characters 
through the intermediate forms, and trace their modification as we progress towards 
MDCCC LXXX I V . 4 II 



002 


MR. F. 0. BOWER ON THE COMPARATIVE MORPHOLOGY OF THE 


those plants which are universally accepted to be higher in the scale. And first it 
will be well to consider those of the vascular plants which, in the characters of the 
vegetative organs, as also in other respects, appear to constitute a natural series, viz. : 
(1) the Lcptosporangiate Ferns, exclusive of the Osnui ndaceai ; (2) the Osmundacece ; 
(3) the Marattiaceo) ; (4) the Cycadacece. These may, for convenience, be called the 
large-leaved vascular Cryptogams and Gyrnnosperms. 

In the IlyiucHophyllacea ?, in which group of Ferns the conformation of the leaf is 
simplest,* the pliyllopodmm is not clearly differentiated from the appendicular mem- 
bers of higher order. It arises at first as a flattened organ, referable in itB external 
conformation (according to Prantl’k figure), as well as in the arrangement of the cells 
at its apex, to a single plane; by increase in bulk of its central part, below the 
extreme apex, and by continued growth at the margins, it becomes a typical winged 
structure. Prantl (/.<•., p. 59) regards it as probable that in the simplest forms 
there was “an entirely uubranehed leaf, traversed only by a midrib, a form which 
probably really exists in the simplest species of Hymeuophy/lum.” I think, however, 
judging from the rather incomplete data given by Prantl, that it is more probable 
that the leaf was originally a flattened expansion without a midrib, and that the 
appearance of the median thickening was of subsequent occurrence. This is, however, 
pure theory, and, in the absence of intermediate forms between the Ferns and the 
Muscineae, it is incapable of decision. 

T1 ie branching of the phyllopodiurn in the Ily menophyllacea! is chiefly, if not 
exclusively, dichotomous. On advancing from the simpler to the more complex forms, a 
transition may be traced from the typically dichotomous to the sympodial develop- 
ment (Prantl, l.c., p. 58), and this is accompanied by an increasing prominence of the 
phyllopodiurn, which is thus a pseudo-axis. Though prominent to the eye, the 
phyllopodiurn is not in these cases clearly differentiated in the first instance from the 
less strongly developed branches of the dichotomy : it is often winged like them to 
its extreme base, while it shows no sheathing development, nor other peculiarity of 
conformation at its base. 

Passing on to the other lcptosporangiate Ferns (exclusive of the Osmuudacew), 
though the apex of the phyllopodiurn is often more bulky than in the Hymeno- 
phylhicecr, it still retains the two-sided apical cell, so characteristic of flattened organs, 
and thus in the arrangement of its meristem is referable to one plane. When mature, 
it is typically a winged structure throughout its length, and though in Ferns with 
much branched leaves the wings are often but slightly developed in the lower parts of 
the phyllopodiurn, in Ferns which have more simple leaves the winged development 
may be readily followed to the point of insertion on the axis. As regards the 

♦The question may for the present be left open as to tho real relation of the Hy menophyllacea) to 
other Leptosporangiate Ferns, i.e ., whether they are rudimentary forms or reduced representatives of a 
higher development. It is sufficient for the present that the leaf as there represented is structurally the 
simplest among the large-leaved forms. 
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branching of the phyllopodium, it is in many cases undoubtedly monopodial, though 
in the higher ramifications there is frequently a return to the dichotomous mode of 
branching. As is well known, the apical growth in some cases may be unlimited 
{Lycj odium). Tims in the majority of the Leptosporangiate Ferns the phyllopodinm 
is more clearly differentiated from the members which it bears than is (he case in the 
Ili/menophi/Uacea?, and this is most clearly marked by the prevalence of a monopodial 
branching at least in the earlier ramifications. Hut the structure of the apex is still 
that characteristic of flattened organs, and when dichotomy occurs in its higher 
ramifications, it is no more distinct from the members of higher order which it bears 
than is the ease in the 11 ymenophijllacccv. 

In the phyllopodinm of the Osmvndacecp the two-sided apical cell as found in other 
Leptosporangiate Ferns is replaced by a throe -sid ad, conical , ajnea! cell, and it is 
believed that these are the only plants in which a throe-sided cell has been found at 
the apex of the leaf/* Thus the arrangement of the apical meristem is that charac- 
teristic not of flattened, but of cylindrical organs, and this may he regarded as indi- 
cating an advance in robustness of character, and therefore in adaptation to serve as 
a supporting organ. But (he change is not accompanied by any marked difference of 
external conformation of the phyllopodinm as a whole : it is still a winged structure, 
though the wings cannot be traced in the lower parts of the leaf as originating from any 
definite marginal scries of cells. The position of the apical cell is such as to correspond 
to the requirement of a more bulky development of the phyllopodinm on the dorsal side, 
the greater part of the tissues derived from the two dorsal series of segments being 
devoted to the building up of the bulky dorsal part of the phyllopodium, while the 
wings and pinme are derived partly from the edges of the dorsal segments, partly 
from the ventral segments. It is clear that a three-sided apical cell is better adapted 
to a leaf with a bulky winged phyllopodium than a two-sided one, and in this sense 
the structure of the apex of the phyllopodium in the (hmundaccw may be regarded as 
an advance upon that in other Leptosporangiate Ferris. The branching of the phyllo- 
podium in the Osmundaccw is monopodial , and no example of dichotomy has been 
observed in the higher ramifications, at least in Osmvnda retjalis ; thus the phyllo- 
podium preserves its identity throughout the leaf, as distinct from the pinnae which 
it bears ; and this is not the case in those Leptosporangiate Ferns in which it branches 
dichotomously. At the base of the phyllopodium there are peculiar modifications of 
the winged structure, which will be discussed again later. 

In Angiopteris, as an example of the Marattiacew , there is no single apical cell 
occupying the bulky apex of the phyllopodium, but a group (four) of apical cells give 
rise, by their repeated divisions, to the tissues of the leaf, which thus approaches in 
the arrangement of its apical meristem to that characteristic of the higher plants. 
The apex of the phyllopodium is not flattened, but cylindrical -conical, and its internal 

* Hour asserts that there is a wedge-shaped cell at the apex of the leaf of AmjUn'OrtH, and describes it 
as being of “ irregular cross- sect ion ” : on this point compare my own observations as above detailed, 

4 n 2 
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structure is in accordance with this. At the base of the leaf peculiar modifications 
are more prominent than in the Osmundacece, while in the upper part of the 
phyllopodium traces of a winged development can oidy be made out with difficulty. 
Its branching is exclusively monopodial, and its growth in length is, in some cases at 
least, strictly limited, the phyllopodium terminating in a blunt, rounded cone. 

Finally, in the Cyoadacew the apex of the phyllopodium is covered by a clearly 
marked layer of dermatogen ; its growth is never very conspicuously apical, though in 
Cycas, and perhaps in Dioon, it is more so than in other genera ; after the first stages 
arc past, the growth is exclusively intercalary. It is from the first a bulky, rounded 
structure, but it bears in most cases well-marked and comparatively bulky lateral 
wings, extending from base to apex, and widened in the lower portions to form a 
sheath. The branching is in all cases monopodial, but the order of development of 
the branches is often basipetal. 

Drawing together these facts, it is clear that in the above series of plants there may 
be traced a progressive differentiation of the phyllopodium as a supporting organ on 
the one hand, and of the other members of higher order which develop as flattened 
expansions on the other. In the Hyme n oph yllaccce the difference appears to lie 
merely in the stronger development of a certain branch of each dichotomous system, 
while other branches, similar to them in origin and conformation, are of more limited 
growth, and assume a lateral position : gradually a monopodial mode of branching 
becomes prevalent (most Leptosporangiate Ferns) ; this shows a difference from the 
very first between the podium and the members of higher order which it bears, but 
the difference is again lost where there is a return to the dichotomous mode of 
branching. The next step is that the apex of the phyllopodium loses the structure 
characteristic of flattened organs, and assumes that characteristic of cylindrical 
structures (Oamnndacecp), and this is maintained during the development of the lower 
portions, though in its upper parts the phyllopodium is reduced to a flattened 
structure not unlike, in form and structure, that in other Leptosporangiate Ferns. 
In the MaraUiaceat the apical growth is arrested, at all events in certain cases, at a 
comparatively early stage : the phyllopodium has the apical characteristics of a 
cylindrical organ, and where its growth is limited it does not resume the characters of 
a flattened organ ; it is essentially an organ adapted rather to bear the flattened 
assimilating organs, than such an organ itself, while by its exclusively monopodial 
branching it is always clearly distinguished from the branches (pinnae) which it bears. 
Finally, in the Cycadaceas the distinctive characters of the phyllopodium are still 
more accentuated ; it is from the first a bulky structure ; its apical growth is soon 
arrested ; it does not (except in a few cases, e.g . , some leaves of Stangeria) develop 
as a flattened assimilating organ, but differs both genetically and in its further 
development from the pinnse which it bears. It is essentially an organ adapted to 
bear the members of higher order, on which the assimilating function mainly devolves. 

It is unfortunate for the study of the comparative morphology of the shoot that no 
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plants intermediate between the Muscinem and the FiRcineas have been found living 
upon the earth, which might give a key to the origin of the morphological differentia 
tion of the sporophore. The series passes at a single plunge from cellular structures, 
with no differentiation of axis and leaf (sporogonia), to vascular plants, with a well 
differentiated axis and leaf : thus we can only speculate by analogy as to the mode of 
origin of the differentiated stem and leaf in vascular plants. The analogy of the 
morphological differentiation of the oophore in the leafy Musciuea’ is well known, and 
too often applied as though the “ leaf” in that group were the homologue of that in 
the vascular plants. I think that, in the above comparative study of the differentia- 
tion of the phyllopodium from the pinna) which it bears, we have presented to us a 
truer analogy than that of the Muscineai. May we not with good reason think that, 
just as the phyllopodium gradually asserts itself as a supporting organ among 
structures originally of similar origin and structure to itself, so also the stem may 
have gradually acquired its characters by differentiation of itself as a supporting 
organ from other members originally similar to itself in origin and development ? 
Thus the stem and leaf would have originated simultaneously by differentiation of a 
uniform branch-system into members of two categories, and this is what is actually 
illustrated, in the case of the phyllopodium and pinnae, in the series of plants above 
discussed. 

The most prominent change to be seen in the mode of development of the leaf 
on passing from the Ferns to the higher vascular plants is the restriction of that 
apical growth which is so prominent a characteristic of Ferns, and consequently 
the greater prominence of the intercalary growth in those of the higher plants which 
have comparatively large leaves. The observations detailed above show that while 
the phyllopodium of the Leptosporangiate Ferns has a continued apical growth, which 
is sometimes unlimited, that of Angiopterin is, at least in some cases, arrested at a 
comparatively early period : again in Cycas, anr probably in JJioon, the growth at the 
apex and acropetal development of the pinnae are continued for a short time, while in 
most other Cycadaccut the apical growth ceases at a still earlier period. 

Thus there are intermediate steps between the Ferns with continued apical 
growth of the leaf, and the higher plants in most of which that apical growth is 
arrested at an early period. 

In the Ferns the intercalary growth is carried on simultaneously with apical and 
marginal growth, and thus does not play such a prominent part in moulding the form 
of the mature leaf of those plants. But in the higher vascular plants the growth at 
the extreme apex and at the margin is usually arrested at a comparatively early stage, 
and the effect of the intercalary growth more or less strictly localised, which brings about 
various displacements of the original position of members, often becomes more apparent, 
or is even actually greater than in the Ferns. It is chiefly by the variations of external 
form of the leaf, resulting from various distribution of intercalary growth, that the 
leaf of the higher plants acquires its prominent characteristics ; and it is mainly owing 
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to this that the branched leaf lias so long been treated as one member, and not as a 
branch-system. Differences of localisation of intercalary growth are regarded as of but 
secondary importance in the morphology of axes, and they should be regarded in the 
same light in the morphology of leaves : the neglect of this principle has resulted in 
the division of the primordial leaf into the foliar base (blattgrund) and upper leaf 
(oberblatt), two categories which, as I have pointed out in the introduction to this 
essay, are not morphologically co-ordinate in the case of branched leaves. 

With the more complete differentiation of the phyllopodium and the pinnae there 
appears also a differentiation of the parts of the phyllopodium itself, corresponding to 
and foreshadowing that more complete differentiation which is found among the 
higher vascular plants. There, as above pointed out, three parts of the phyllopodium 
may be distinguished : th ohypopodiwm which coincides with Ekjiiler’s “ blattgrund 
the mesopodium or petiole ; and the epipodium, which includes the upper part of the 
phyllopodium with its wings, but exclusive of its branches of higher order. That 
these are parts only of one podium, and not fundamentally different parts, as Etchler 
would have it ( l.c p. 25), appears to me to he strongly supported by a comparative 
study of the leaves in the series of plants above treated in detail. As I have 
repeatedly pointed out, the phyllopodium is fundamentally a winged structure 
throughout its length, though the wings are not uniformly developed, and are 
sometimes partially or entirely ( Pihdaria ) suppressed. In the plants of this series 
which have the simplest structure ( Ihjmenoplujllacea >) the different parts of the 
phyllopodium are not distinguishable : its development is almost uniform throughout. 
In the majority of the L^ptosporangmte Ferns their differentiation is but slight, 
though in some forms —for instance, Aspidium Fit i.r- Mas and On odea gennanica — a 
somewhat distended basal portion may be distinguished from the upper parts of the 
phyllopodium. In Osnmnda the distinction of the basal part or hypopodium is more 
marked, the lateral wings being more bulky and extended; in Todea the winged 
development is not exclusively lateral, but is continued transversely across the face 
of the phyllopodium, so as to form a conspicuous sheath ; but this continuation is 
only formed at a comparatively late stage. In Angiopteris it is present from a very 
early period, and is closely connected with the formation of the “stipules.” By 
means of Todea an explanation is afforded of the probable nature of the stipule in 
Angiopteris . As I have above pointed out, it may with good reason be regarded as an 
advanced modification of that winged conformation, so clearly seen at the base of the leaf 
in other Ferns. A similar explanation will serve also for Ceratozamui and Stangeria* 
In other forms, especially among the Cgeadacerp, the base of the phyllopodium shows 

* Tho extension of the stipnlar development transversely across the face of the phyllopodium is not 
an isolated morphological fact: a similar extension is also to be found in the development of orbicular 
leaves, such as lTtjdrocotyle , Troprrohim , Ac. This has been clearly shown by Goebel (‘ Vergl. Entw.,* p. 234). 
It will remain for future observations to show how far a similar comparative treatment may be applied 
to the stipules of Dicotyledons, 
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characters resulting from distention, &c., but the variation from the winged 
structure is less marked ; still in many cases the distinction is apparently accentuated 
by the abortion of the upper parts of the leaf, as in the sade-lmves, in which a 
correspondingly greater lateral extension is found. But this apparent accentuation 
of the difference between the hypopodium and the upper part should not cloud our 
morphological vision; the real nature and origin of the hypopodium remain the same, 
whatever variety there may be in the details of its development in the individual leaf. 
Tho distinction between the mesopodiurn and epipodium is never very clearly marked 
in the plants under consideration. Thus, though in these lower forms the differentiation 
of the parts of the phyllopodium is not so complete as in many Angiosperrns, there 
may still be traced an increasing clearness of their differentiation on passing from the 
simplest forms upwards. 

A similar comparative study of the series of large-leaved Vascular Cryptogams and 
Gymnosperms shows that progressive changes may be noted in the order and mode of 
origin of the pinnae on the phyllopodium. In the lower forms of the series the order 
of their appearance is strictly aero petal, whether their origin be by dichotomy, as in 
the Hymenophyllaceoi, &c., or by monopodial branching, as in Osvtnnda, Anyiapleris, 
&c. This acropetal order of appearance may be traced as feebly represented in Cycas 
and Din on among the Cycadacea: ; but even in these forms there is also a simultaneous 
basipetal order of development of the lower pinna? which is more prevalent in most of 
the genera of the EnccphalarteeP, to the exclusion of the acropetal order of succession : 
thus in Mucrozumia, Caratozamia, Zamia, and Encepba/artos the order of succession 
of appearance of the pinna; is exclusively basipetal, and since the phyllopodium ceases its 
apical growth after the appearance of the first pinna), subsequent elongation is due to 
intercalary growth. Such a mode of development is not without its parallel among 
the Anyiosperms. Goebel cites, as examples of a basipetal order of development of 
pinna?, the leaves of Myriophyllam, Ceratophylluiu, Rom cfaiina, Potent ilia replans and 
A nserimt, Spinixi lobata, &c. ; and he further points out that the order of succession 
is not even constant in one and the same genus, as is seen on comparing Sjrirtm 
Lindleyana with Spirma lobata : (‘ Vergl. Entw.,' p. 227). These irregularities in order 
of succession, accompanied by intercalary growth of the phyllopodium in length, may 
further be compared with those examples of similar development cited as occurring 
among the Phaiophycea; (Goebel, l.c., p. 3 80). It may be noted that the arrest of the 
apical growth of the phyllopodium, and the tendency to develop the pinna? in a 
basipetal succession, progress simultaneously in our series of large-leaved Vascular 
Cryptogams and Gymnosperms, and it can hardly be doubted that the two phenomena 
are mutually connected. 

In most of the Leptosporangiate Ferns the pinna? arise as more or less flattened 
structures, derived from the marginal series of cells, while some of the neighbouring 
cells also take part in the process : in other words they arise along the lines where the 
wings of the phyllopodium are, or will ultimately he. Though, as was shown by Kny, 
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each pinna does not correspond to one segment of the two-sided apical cell, still the 
pinnre have a definite relation to the apical cell and its segments, each longitudinal 
row of pinnae originating from one of the two series of segments cut off from the two- 
sided apical cell. In the Osm it ndaeece, since there arc but two series of pinnae as 
before, but three series of segments of the apical cell, the relations of the former to 
the latter cannot be the same. In this group the two series of pinme correspond in 
position to two of the angles of the three-sided cell, and the individual pinme are 
derived partly from tissues originating from the ventral series of segments, partly from 
the dorsal. 

Again, comparing the members of our series, there is to be traced a progressive 
increase in bulk of the individual pinna. In Ceratopteris the young pinna is a thin 
flattened structure: in many Ferns, as Aspiifivin Fit ix-Mcis, Fohypodium vuhjare, &c., 
the first formed pinme are more bulky, but still a marginal series of cells may easily 
be seen upon them : in Osmunda not only are the young pinnae more rounded, but 
also no marginal series of cells are to be found on those first formed, while they remain 
young. In Amjiopteris and the Cycadacece the pinnae appear as hemispherical papilla) 
of tissue, on which no marginal series of cells are to be found. In all these plants the 
pinna) are formed on the more or less developed wings of the phyllopodium. There 
is thus a progressive increase in bulk of the pinna in its first stages, which may bo 
traced on passing upwards through our series. 

Parallel with the increase in bulk of the pinme there is also an increase in bulk 
of the wings of the phyllopodium, pinme, and pinnules, &c., in those cases where a 
winged development takes place. Thus in the Hymenophyllaeea> the wings consist 
for the most part of but a single layer of cells, though in some species they consist of 
more than one (Prantl, Hymenophyllaoeen, p. 28), still the structure is in all cases 
very simple. In the majority of' Ferns a marginal series of cells can be clearly 
recognised on the young pfhme or pinnules, &c., which give rise by their growth and 
divisions to a wing-structure consisting of but few layers of cells : in Amjiopteris no 
such marginal series is apparent, and the whole structure of the wing is more bulky 
and complicated than in the Leptosporangiate Ferns : repeated periclinal divisions 
are found in the superficial cells of the wing during development. In Cyeas the 
wings arise to external appearance in a manner not unlike those of Amjiopteris, but 
there is between the two this important difference : that the periclinal divisions in the 
superficial cells are entirely absent in Cycas. Thus again in the complexity of the 
structure of the wing a progressive advance is seen on passing upwards through our 
series of large-leaved plants, an advance from a simple structure to that more compli- 
cated structure which is characteristic of the higher plants.* 

In the above paragraphs a number of characters have been brought forward, showing 
an almost uniform progress of complexity and differentiation of the vegetative organs, 

* The case of the genus Todea should bo mentioned as exceptional, while Todea harbara has wings 
consisting of about nine layers of cells, Todea superba lias wings with only one or two layer*, it thus 
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from the Leptosporangiate Ferns, through the Osmundaceee and Marattiaceee to the 
Cycculacece, and there is no apparent objection on other grounds to thinking that these 
plants constitute a natural series ; in other words, that they indicate, at least roughly, 
a line of natural descent. If this be so we are confronted by a remarkable fact. It 
has been repeatedly insisted upon that the characters of the vegetative organs of 
A ngiopteris approach very closely to those of certain Cycadacece. Yet between the two 
there is all the difference in the reproductive organs between the characteristic free 
prothallus and antherozoid of the Vascular Cryptogams, and the endosperm and pollen- 
tube of the Gymnosperms. This is one of the most striking examples in the vegetable 
kingdom of the non-parallelism in progress of the vegetative and of the reproductive 
organs : here while there is comparatively little progress in the vegetative organs 
from the Marattiaceee to the Cycadacece, the sexual reproduction shows that great 
advance from the process characteristic of the vascular Cryptogams to that typical of 
the higher plants. The converse of this non-parallelism is also to be found at a 
different point in the vegetable kingdom, viz. : a persistence of the reproductive 
characters, while a great advance is made in the differentiation of the vegetative organs ; 
for example, between the Muscineai and the Fillet new there is all the difference 
in the differentiation of the vegetative organs of the sporophore, between a cellular 
structure without axis and leaf, and the simplest form of Fern plant ; but meanwhile 
the sexual processes remained unaltered, there being no fundamental difference 
between the archegonium and the antherozoid in the Muscineai and the similar 
organs in the Fiheinece. Other examples might be brought forward of this non-paral- 
lelism, but the two converse cases named are the most prominent in the vegetable 
kingdom. 

This paper has hitherto dealt for the most part with comparatively large anti com- 
plicated leaves ; a word must now be said on the leaves of simpler organisation found 
among the Vascular Cryptogams and on the application of the method of treatment 
which I have proposed to them also. Some of the simpler forms of leaf may show little 
preponderance of growth in any given direction ; this is the case in Azolla and 
Selagiuella. To such leaves the application of the term phyllopodium is obviously 
unnecessary and unsuitable. In other cases the leaf may be of very simple organisa- 
tion, but still show a distinct preponderance of growth in a given direction, as in 
Fihdaria, Lycopodium, many Conifer a; and Gnetacece , and to a slight degree Salvinia. 
Here we may recognise a simple unbranched phyllopodium, which may be winged 
(e.g., Gnetum, &c.), or cylindrical ( Pilularia ), or flattened ( Welwitschia). If such a 
leaf were to show the characteristic differentiation of those parts, we might dis- 
tinguish them as the hypo-, meso-, and epi-podium ; thus, for instance, in Isoetcs, in 
which, as pointed out by Goebel (Bot. Zeit., 1880, p. 785), the basal part (hypo- 


approaches the Uymenophyllacea? in this character, though its sporangium is similar to that of other 
Ottmundacecp. 
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podium) is to be distinguished from the upper part of the leaf (epipodium) ;* and 
again in Gne.tum Gnemon, where the winged epipodium may be distinguished from the 
mesopodium or petiole, and this is slightly different in conformation from the swollen 
basal portion or hypopodium. Such distinctions are only to be drawn where they are 
warranted by the exigencies of description : Eichmsr asserted that the distinction of 
“ blattgrund ” and “ oborblatt ” is common to the leaves of all Phanerogams ; t such a 
general application is as unnatural and prejudicial as was the general application of 
the spiral theory of leaf-arrangement. 

Finally, there remain those more complicated forms of leaf which are not included 
in the series of large-leaved Vascular Cryptogams and Gymnosperms above described. 
The well-known development of the leaf in Mars Hi a corresponds in many respects to 
that of the typical leaf in the Ferns ; it may be regarded ns a reduced type 
connecting them with the still further reduced members of the Hydropteridece. 
The leaf consists of a phyllopodium bearing four pinnae, of which the lower pair 
are formed by monopodial branching, while the upper pair are described as being 
the result of bifurcation of the apex of the leaf. In Botrychium Lunaria, in which 
the details of arrangement of the meristem, and other points in the development of 
the foliage-leaf are but imperfectly known, there is a well-marked phyllopodium, 
preserving imperfectly the characters of a winged structure. It bears pinnae in two 
longitudinal rows ; the order of their development is stated by Hollk (Bot. Zeit., 
1875, p. 274) to be acropetal, and this coincides with my own limited observations. 
In the mode of development, external conformation, and arrangement of the pinnae 
it is not unlike Zamia. The apex of the leaf frequently terminates in an equal pair 
of pinnae, which recalls the similar arrangement in Marsilia, and further the leaf of 
Ginkgo ; but frequently there is a somewhat flattened terminal process, which 
projects beyond the last pinnae ; such forms constitute an instructive series con- 
necting a decidedly monopodial branching with cases of apparent dichotomy. In 
Ophioglossum the phyllopodium is not branched, its apical part developing as a 
flattened expansion. In Ilelminthostachys it is branched, but details of the develop- 
ment of the leaf have not yet been published. 

The foregoing pages will have amply shown that the more complicated forms of leaf 
among the Vascular Cryptogams naturally lend themselves, throughout their whole 
length, to a consistent morphological treatment as branch-systems ; while in those 

* The leaf of TsocIgs showR intermediate characters between thoso of Angioptpris and of the Cycadacea \ 
There is no apical cell, and apical growth is not strongly defined ; periclinal divisions of superficial cells 
are frequent throughout the leaf, from apex to base, but especially on the ventral side ; intercalary growth 
is strongest at first below tholigule, and then diminishes in that part, and extends to the upper part of the 
leaf. These characters as well as others suggest that hoetrs may be a form intermediate betwoen the 
Marattypcem and Cycadacea », in which the vegetative organs have been reduced in structure and external 
form in accordance with its aqueous habit. 

t hr., p. 7 : “ Zwei Haupt-theile, die alien phancrogamischen BlHttern gemeinsam sind.” 
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simple cases where there is growth in a given direction, but no branching occurs, the 
characters of the simple leaf are not unlike those of the phyllopodium as described 
for the more complicated forms. Further, it has been shown that as we rise in the 
scale of the G ymnosperms, gradual modifications of the characters become apparent ; 
for instance : (1) there is a gradual differentiation of the main axis of the leaf (the 
phyllopodium), as a supporting organ, from the members of higher order (pinnae) 
which it boars ; (2) peculiar conformations appear at the base of the phyllopodium, 
such as sheaths, and stipules ; (3) there is an earlier arrest of the continued apical 
growth, and increased prominence of intercalary growth ; (4) there is an increased 
robustness of the soveral parts, which may be recognised clearly on their tirst 
appearance. All these characters lead on gradually towards the leaf as it is seen 
in the Angiosperms, and more especially in the Dicotyledons. On these grounds I 
conclude that the leaf in the latter plants should also be treated consistently as a 
simple branch or branch-system, throughout, its whole length, however greatly the 
prevalence of intercalary growths in various directions, and at various points, may 
displace and distort the original arrangement of the parts. It has also been shown 
that the modifications at the base of the leaf do not exist, or are hardly to be traced 
in the Leptosporangiate Ferns, and that where they are found in higher forms they 
may be referred to modifications of contour of the fundamental winged structure ; on 
this ground it is concluded that such modifications, however prominent they appear in 
the higher plants, are not of such a fundamental nature as to justify the division of 
the leaf in the first instance into two parts (foliar base and upper leaf), which are, as 
I have above pointed out, not morphologically co-ordinate where a branching of the 
leaf occurs. 

It will be noted that the treatment of the leaf as a simple podium or as a branch- 
system implies a distinction between the wings of a phyllopodium and the pinner, and 
it may bo argued that such a distinction cannot be clearly defined : for instance, the 
wavy margin of the leaf of Ginkgo and of the pinnae in species of Zamia ; are the pro- 
jections in these cases to bo regarded {is members of higher order ? I can only reply 
to this that difficulties of this nature beset every morphological generalisation, and 
that in my opinion the number of cases in which such difficulties come prominently 
forward is not sufficient to justify the rejection of the system which I have proposed. 

I cannot close this paper without acknowledging how much 1 am indebted to the 
Director and Assistant Director of the Royal Gardens at Kew, not only for the use of 
the Jodrell Laboratory, but also for the unstinted supply of the rare material which 
alone could make this investigation possible. 
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Description of Figures. 

PLATE 37. 

Pilularta. 

Fig. J. Apex of the stem of Pilularta globulifera. ap. Apex. 1, 2, 3-7. The succes- 
sive leaves, by-b~. The successive buds. r 3 — r 6 . The corresponding roots. 

X 70. 

Fig. 2. Dorsal side of a similar apex with two young leaves (1-2), and bud b. 2 seen 
obliquely. X 175. 

Fig. 3. Leaf (/) and corresponding bud (b) of Piltdaria. h, h. Hairs. X 325. 

Osminida. 

Fig. 4. Arrangement of cells at the apex of the leaf of Osmwul a regalis : the arrows 
show the median plane of the leaf, and point towards the apex of the stem. 
X 175. 

Fig. 5. Apex of the leaf of 0. regal is, with the two last-formed pinna; (p--p (1 ) ; the leaf 
has already assumed the circulate vernation, which accounts for the 
apparently unsvmmetrical position of the apical cell. X 130. 

Fig. 6. Osmunda ciitrtamoinea. Apex of the leaf before the first pinnae appear, show- 
ing the relation of the wings (u\ tv) to the segments of the apical cell. X 70. 

Todva. 

Fig. 7. Apex of the leaf of Todva svperba, showing the segments of the apical cell 
with their sub-divisions less regular than in Osmunda. X 175. 

Fig. 8. Sections of the leaf of 'Todea supcrba. b. Transverse, a, c. Longitudinal and 
median : these illustrate the origin of the wings (ir) at the base. X 20. 

Angiopteris evecta. 

Fig. 9. Apex of the stem of A. evccta, showing a conical apical cell, with its segments. 
X 175. 

Fig. 10. Young leaf of A. evecta seen from above; ap. is the apex : the arrow points 
towards the apex of the stem. X 20. 

Fig. 11. Rather older leaf seen from the ventral side. X20. 

Fig. 12. Median longitudinal section of the apex of the same leaf of A. evecta as is 
represented in fig. 15. The cells (x, x) are two of the group of four apical 
cells. XI75. 
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PLATE 38. 

Fig. 13. Cells at the apex of the leaf of A. evccta, the apical cells marked (x, x). 

X 175. The arrows show approximately the median plane of the leaf. 

Fig. 1 4. Another example of the above : the arrangement of the cells is less regular. 
Fig. 15. Apex of the leaf of A. evccta, which has begun to form three pinna). X 10. 
Fig. 16. Apical part of a leaf of A. evccta, which has formed 9 pinnae. The lower of 
these (2 and 3) have already begun to form pinnules. X 5. 

Fig. 17. Leaf of A. evccta with six pinnae. The phyllopodium ends abruptly 
(ay>.). X 4. 

Fig. 18. Transverse section of a pinna of A. evccta showing wings (iv, w). X20. 

Fig. 19. One of these wings under higher power. X 175. 

Cyras Scemauni. 

Fig. 20. Endosperm with embryo natural size. 

Fig. 21. Transverse section of cotyledons near the base, showing in one case a median 
bundle, in the other no single median bundle. X 10. 

Fig. 22. Longitudinal median section of the apex of a young seedling. X20. 

Fig. 23. Similar section of an older plant. X 20. 

Fig. 24. Young leaf, ventral aspect, showing wings continuous from base to apex. 
X 20. 

Fig. 25. Horizontal section of the apex of a plant 12 months old. X 20. 

Fig. 2G. Leal' of a young plant, showing the wings (u>) continuous upwards : note 
especially that the pinnae are not in regular succession in respect of size. 
X 20. 

Fig. 27. Leaf showing the pinnae at the middle of the two series most advanced. 
X 20. 


PLATE 39. 

Fig. 28. Similar leaf showing a decided decrease in size of the pinnae in a basipetal 
direction : there was in this case no decided proof of the absence of an 
acropetal order of development. X 20. 

Fig. 29. Transverse sections (a) of a scale-leaf, (b) of a foliage-leaf. Scl. = sclerenchy ma. 

X10. 

Ci/ciis J enkinsiaua. 

Fig. 30. Leaf in which the formation of pinna) has begun, and showing those about 
the middle of the tw r o series as most advanced. X 20. 

Fig. 31. a and b, the lower ends of the series of pinna) on two leaves of different ages. 

X 20. In both cases it is seen that an increase in their distance apart, 
which is due to greater elongation of tho phyllopodium, is coincident with 
an arrest of development of tho individual pinna). 
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Dioon edule. 

Fig. 32. Leaf showing pinnae decreasing successively in size towards both the apex 
and the base. X 20. 

Macrozamia Miqueli. 

Figs. 33-5. Successive stages of development of the leaf, showing the origin of the 
pinnae in baBipetal order. X 20. 

Fig. 36. Longitudinal section of a leaf including one lateral row of pinnae, seen from 
the inner side. X 20. 

Fig. 37. Apex of the phyllopodimn of a rather older leaf, with three pinnae. X 20. 

Encepkalartos Bartevi. 

Figs. 38, 39. Successive stages of development of the leaf showing exclusively basipetal 
order of succession of the pinnae. X 20. 

PLATE 40. 

Ceratozanua Mexicana. 

Fig. 40. Young leaf with the basal flaps (stipules) removed: transverse connexion of 
them across the face of the phyllopodium not yet apparent, Basipetal 
order of succession of the pinnae. X 20. 

Stangeria paradoxa. 

Figs. 41, 42. Young leaves before the appearance of the pinna:. X 20. 

Fig. 43. Young leaf, ventral aspect : the sheath has been removed. X 20. 

Fig. 44. Apical bud of a young plant, showing the sheathing stipule. X2. 

Fig. 45. Young pinna:. X20. 

Fig. 46. Ventral aspect of a young leaf, showing two equal pinna: at apex. X4. 

G net urn Gnemon. 

Fig. 47. Axillary buds ; the larger one shows a leaf (l) in ventral aspect, with 
ucumiriate apex. X 20. 

Fig. 48. A bud in longitudinal section, which cuts the two leaves through their 
median planes. X 20. 

Fig. 49. Leaf in dorsal aspect, 1, 2, 3, 4, the points at which the corresponding 
sections of fig. 50 were cut. X 20. 

Fig. 50. 1, 2, 3, 4, successive transverse sections of the leaf at points 1, 2, 3, 4, in the 
preceding figure, showing the relative position and size of the wings and 
the midrib. X 20. 

Fig. 51. Transverse section through a young wing of the leaf. X 175, 
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11 T el ivitsch ia mired) il is. 

Fig. 52. Longitudinal section of the apex of a seedling about six weeks old, showing 
oue plumular leaf in surface view : the depth of the shading in this and 
the next figure is intended to represent the relative intensity of growth, 
and cell-division. X 20. 

Fig. 53. Longitudinal section of a seedling about 6 weeks old, in a direction perpen- 
dicular to the planes of the plumular leaves. X 20. 

Fig. 54. Transverse sections of successively older plumular leaves. X20. i, ii, iii, 
indicate the bundles of successively formed pairs. 

Ephedra distacluja. 

Fig. 55. i-iv. Successive transverse sections, from apex to base, of a mature leaf. 
X 20. 
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INTRODUCTION. 

The influence of physical forces, of modes of aggregation and of muss, not only on the 
result, but on the manner of the transformation of one kind of matter into another 
kind — in brief, the conditions of chemical change — present a problem to the chemist 
which only of late years has been submitted to experimental investigation. The 
difficulties besetting this line of inquiry are many, but the greatest of them is the 
difficulty of finding a reaction that is simple in kind, that takes place between bodies 
which can be prepared in great purity, and that yields products which can be exactly 
measured. Several methods of investigation have been pursued. The course of a gradual 
change between two bodies has been followed step by step, either by measuring 
the amount of residue still remaining undeeomposed after successive equal inter- 
vals of time, or by measuring the time required for the successive formation of equal 
quantities of one of the products of the reaction. Such was the method employed by 
Bertiielot, who measured the rate of etherification of an alcohol by an acid, and 
by Harcourt and EssON, who measured tho rate of decomposition of hydric 
peroxide by hydric iodide. Unluckily but few of the reactions, which occur slowly 
enough for such investigation, appear to be of a simple nature ; examination reveals 
the fact that, in most cases, the change from the initial substances to the final product 
does not take place in one stage, but is a complex reaction brought about by the 
successive formation and decomposition of intermediate compounds at rates which 
severally vary with the conditions of the experiment. 

Another method of investigation is that of comparing the rates of two opposite 
changes taking place simultaneously in a homogeneous mixture. When two bodies 
enter into double decomposition to form two new bodies which are themselves capable, 
under the conditions of the experiment, of re-forming the original substances by a 
reverse change, a mixture of the four bodies is produced, and an equilibrium is finally 
established when the rate of decomposition of one pair of the reacting bodies is exactly 
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equalled by the rate of decomposition of the other pair. Were it possible to measure 
accurately the quantities of four reacting bodies which preserve such an equilibrium, 
the precise relative rate of the two changes would be obtained. But in most cases it 
is impossible to make accurate measurements of one of the constituents of a mixture 
without separating it from the others, and thus disturbing the equilibrium ; so that 
some indirect method of measurement becomes necessary in experiments of this nature. 
Changes of colour, of temperature, of volume, of magnetic and optical properties, have 
afforded indirect methods of measuring the amount of particular bodies present in such 
a mixture without separating the constituents. By these means measurements of 
the rate of chemical change have been made by Gladstone, Thomsen, Ostwald, 
Guldberg and Waage, and other chemists. 

Again, when one body is presented to two others which are in excess, with each of 
which it is capable of uniting to form a stable compound, it divides itself between the 
two in proportions depending upon the relative rates at which the two reactions take 
place. Measurements of the masses of the reacting substances present at the begin- 
ning of the experiment and of the products finally formed give data for calculating the 
relative rates of the two changes. The incomplete combustion of a mixture of 
hydrogen and carbonic oxide by a small quantity of oxygen seemed to present a case 
of this kind suitable for investigation. The gases could easily be prepared in a pure 
state ; the measurement, explosion, and subsequent analysis could be readily performed 
in a eudiometer. By the study of this reaction, Bunsen, with the refined apparatus 
devised by himself for the manipulation of gases, made the first attempt to elucidate 
the laws of chemical change. His experiments form the stjirting-point of several long 
series of observations by E. von Meyer, Horstmann, and other chemists, and led me 
to make a careful investigation of the conditions which affect the chemical changes 
occurring during the explosion of these gases. An account of this investigation, 
carried on during several years, I venture to bring before the Royal Society, in the 
belief that the results obtained clear up some discrepancies between the observations 
of previous workers, and prove that, under the simplest conditions, the division of the 
oxygen is determined by the reciprocal reaction of two pairs of gaseous bodies, forming 
a system in mobile equilibrium capable of exact expression by a simple formula. 


Henry’s experiments. 

The first experiments on the incomplete combustion of hydrogen and carbonic oxide 
were made by Henry. In a memoir printed in these Transactions (1824), Henry 
compared the action of the electric spark and of platinum sponge on mixtures 
of carbonic oxide and electrolytic gas. He discovered the fact that the lower the 
temperature at which the reaction occurs the greater is the proportion of carbonic acid 
produced. 

He writes : “ I made numerous experiments to ascertain whether the oxygen, under 
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these circumstances of slow combustion, is divided between the carbonic oxide and 
the hydrogen in proportions corresponding to the volumes of those two gases. The 
combustible gases being in equal volumes, and the oxygen sufficient to saturate only 
one of them, it was found that the oxygen which had united with the carbonic oxide 
was to that which had combined with the hydrogen as about 5 to 1 in volume. 
Increasing the carbonic oxide, a still larger proportion of oxygen was expended in 
forming carbonic acid. On the contrary, when the hydrogen was increased, a greater 
proportional quantity of oxygen went to the formation of water. 

“ But a similar distribution of oxygen between carbonic oxide and hydrogen does 
not take place when those three gases are fired together by the electric spark. This 
will appear from the following table, in which the three first columns show the 
quantities of gases that were fired, and the two last the quantities of oxygen that 
were found to have united with the carbonic oxide and with the hydrogen. 


Table T. 




Before firing. 


Aftur firing. 


CO. 

i 

H. 

o. 



Oxygen to CO. 

Oxygen to H. 

Experiment 1 

40 

i 40 

20 

<; 

14 

,, — 

40 

j 20 

20 

12 

8 

„ 3 • • 

20 

40 

20 

5 

1 5 


“ When equal volumes <5f carbonic oxide and hydrogen gases, mixed with oxygen 
sufficient to saturate only one of them, were exposed in a glass tube to the flame of a 
spirit lamp, without the presence of the sponge, till the tid>e began to soften, the 
combination of the gases was effected without explosion, and was merely indicated 
by a diminution of volume, and an oscillatory motion of the mercury in the tube. 
At the close of the experiment, out of twenty volumes of oxygen, eight were found 
to have united with the carbonic oxide, and twelve with the hydrogen, proportions 
which do not materially differ from the results of the first experiment in the fore- 
going table. At high temperatures, then, the attraction of hydrogen for oxygen 
appears to exceed that of carbonic oxide for oxygen : at lower temperatures, 
especially when the gases are in contact with the platinum sponge, the reverse 
takes place, and the affinity of carbonic oxide for oxygen prevails.” 

Bunsen’s experiments . 

Bunsen thus states the problem : — * 

“ The proportion in which one body divides itself between two others — present in 
large excess over it — does not depend merely on the relative strength of their 

* Bunskn, ‘Ann. Chew. Pharin.,’ 85, 137. 
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chemical attraction, but also on the relative quantities of them present. If a and b 
represent the masses of two bodies A and B capable of combining with C to form 
compounds AC and BC, and if x and y represent the affinities of A and B for C 
respectively, then the proportion of the compound AC formed to the compound BC 
formed will be expressed by the equation 

AC a.r, 

«C ~bu 

“ It follows from this that any alteration in the mass of either A or B will cause a 
corresponding alteration in the proportion of the compounds AC and BC formed.” 

This Law of Mass, commonly attributed to Berthollet, was tested by Bunsen 
in the following way : — * 

He exploded in a eudiometer different mixtures of carbonic oxide and hydrogen 
with a quantity of oxygen insufficient to completely burn them. In the explosion a 
portion of the carbonic oxide was burnt to carbonic acid, and a portion of the 
hydrogen was burnt to steam. If the above law of mass held good, the relative 
quantities of carbonic acid and steam formed would alter in a regular manner with 
the relative quantities of carbonic oxide and hydrogen taken. Partly owing to the 
paucity of his experiments, and partly owing to an undetected source of error, 
Bunsen wrongly concluded that the law of mass was modified in a particular way by 
the tendency of the atoms to form simple hydrates of carbonic acid. “ This catalytic 
action which the excess of molecules present, taking no part in the decomposition, 
exert upon the combining molecules is seen in a most remarkable manner in the 
volumetric relation between the products formed by the combustion, and brings to 
light a singular law which appears to be of fundamental importance in the mode of 
action of affinity. If the particles a in a homogeneous gaseous mixture have the 
choice of combination between the particles b and c of two other gases present in 
excess, a certain equilibrium ensues between the attractions of all the particles, so 
that the compounds (a + b) and ( a -f- c), formed by the union of a with b and c, 
stand in a simple relation to one another, dependent on the amount of the particles 
remaining uncombined, and undergoing discontinuous alteration on gradual increase 
of these particles.” 

Bunsen’s experiments, made by exploding electrolytic gas with varying proportions 
of carbonic oxide, gavo numbers, representing the relation between the carbonic acid 
and steam formed, which almost exactly corresponded with the six most simple 
hydrates of carbonic acid. In his first paper he showed that a variation of pressure 
from 317 millims. of mercury to 726 millims. did not materially alter the proportion 
in which the oxygen divided itself, and that the same result was obtained whether 
the explosion was made in the sunlight or in the dark. In the first edition of the 


* Bunsun, ‘ Gusomehy,’ 1857. 
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* Gasometrische Metlioden,’ published in 1857, some further experiments were added, 
which are included in the following table : — * 


Table IT. — Bunsen’s Experiments. 





Gases present before t 

Xplntinli. 

Oxygen divides itself, 


1 

No. of 








Temp. C. 

Pressure, 



Carbonic 

oxide. 

To 

To 

lndrt gen. 

aq. vapour in 

the hydrates 

experi- 

moot. 


Oxygen. 

Hydrogen. 

carbonic 

oxide. 

of caibunie acid. 



Millmis. 








1 

223 

734 

100 

200 

794 

07 

33 

2CO„, H.,0 - 

- 67 : 33. 

2 

3*3 

45 3 

100 

200 

595 

50 

50 

w 

a 

5 

o 

o 

- 50 : 50. 

3 

225 

395 

100 

200 

449 

49 

51 

>> 

n 

4 

47 

381 

100 

200 

295 

34 

<><> 

VA\ 2H o 0 - 

- 33 : 67. 

5 

22 f; 

723 

100 

200 

1*17 

25 

75 

C0 4) , 311,0 - 

- 25 : 75. 

6 

2<> 

352 

100 

200 

119 

24 

70 

>» 

>» 

7 

2-3 

344 

100 

200 

81 

19 

81 

COo, 4HoO - 

- 20 : 80. 

8 

220 

720 

100 

370 

315 

20 

80 


n 

9 

7*0 

321 

100 

200 

74 

17 

83 

C0 2 , 5H 2 0 - 

-17: 83. 


These experiments remained without confirmation until 1874, when E. von 
Meyer published a paper on the “Incomplete Combustion of Gases,” + in which 
he pointed out that when mixtures of carbonic oxide and hydrogen were exploded 
with progressively increasing quantities of oxygen, the proportion in which the oxygen 
divided itself altered per saltum, and that this proportion might always be expressed 
by whole numbers. 

v. Meyer regarded his experiments as confirming Bunsen’s law, but as Horstmann 
subsequently pointed out, the whole numbers, expressing the ratios between the 
amounts of carbonic acid and steam formed, were in some cases so large that the 
difference between one such whole number and the next above or below it, fell within 
the limits of experimental error. The ratio of the volume of steam formed per unit 
volume of hydrogen present to the volume of carbonic acid formed per unit volume 
of carbonic oxide present, was called by v. Meyer the coefficient of affinity of 
hydrogen for oxygen compared with that of carbonic oxide for oxygen. Taking the 
affinity of carbonic oxide for oxygen as the unit, the coefficient for hydrogen and 
oxygen is given by the equation 


II 2 0 C0 2 

h 2 : CO 


a : 1 


This “ coefficient of affinity” according to v. Meyer is not a constant, but varies per 
saltum within small limits on account of the discontinuous alteration in the proportion 
of carbonic oxide and hydrogen burnt. It is greatest when the quantity of oxygen 


* This table is affected by two or three small errors of calculation, which bring the numbers, 
expressing the ratio of carbonic acid to steam formed, nearer to the theoretical numbers than they 
should be. These errors are corrected in the second edition of Bunsen’s * Gasometrische Metlioden.’ 

f ‘ Journal fur pntkti.se be Cheniie ’ (2), 10, 2 73. 
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used is as small as possible, and the mixture therefore approaches the limit of inflam- 
mability. As the quantity of oxygen is increased, he says, the proportion of steam 
to carbonic acid produced must necessarily approximate to the proportion in which 
the hydrogen and carbonic oxide are originally present, although this proportion is 
never actually reached, because, when the oxygen is nearly sufficient for complete 
combustion, the hydrogen is all burnt while some carbonic oxide remains unoxidized. 
The true coefficient of affinity, according to v. Meyer, is that obtained with the 
minimum quantity of oxygen. 

There is an obvious objection to this use of the term “ coefficient of affinity.” The 
smallest proportion of oxygen used by v. Meyer was. that which was just necessary 
to produce an explosion. He gives no proof that, if this proportion were diminished 
still further, the ratio of carbonic acid to steam produced would be unaltered. The limit 
of inflammability is not necessarily the limit of the exercise of chemical affinity. If 
we assume that oxygen unites with the excess of carbonic oxide and hydrogen accord- 
ing to the equations — 

2C0+0 i =2C0 2 
2H 2 +0., = 2IL0 

then the divison of the oxygen between the carbonic oxide and the hydrogen depends 
on the rate at which oxygen unites with carbonic oxide, and the rate at which it unites 
with hydrogen, under the conditions existing at each moment from the beginning of 
the change until the last molecule of oxygen is broken up. These conditions change 
at each moment (without reference to the changes of temperature and pressure), since 
the carbonic oxide and the hydrogen are attacked at unequal rates, and therefore the 
proportions of carbonic oxide and hydrogen remaining unconsumed vary continually 
during the combustion. In this case, the final division of the oxygen represents the 
sum or net result of its dividing itself between the two combustible gases in a series 
of different ratios during a series of successive moments. Its division would represent 
the actual ratio of two constant rates only if one of two conditions were fulfilled. 
First, if the ratio of the combustible gases in the original mixture were the same as the 
ratio of carbonic acid and steam formed ; or, secondly, if the proportion of oxygen were 
so small that the subtraction, by combustion, of the corresponding quantities of the 
combustible gases would not materially alter their ratio. The first condition can only 
be fulfilled by burning all the combustible gases. The second involves the measure- 
ments of such small quantities that the errors of experiment become important. 
Practically, the limit of inflammability of the mixture imposes an inferior limit to the 
reduction of the quantity of oxygen which prevents the second condition being 
fulfilled. 

The effect produced by the presence of an inert gas, nitrogen, which takes no part 
in the chemical action, on the division of the oxygen between the two combustible 
gases was also studied by v. Meyer. He found that on addition of nitrogen the 
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coefficient of affinity was altered, more carbonic oxide and less hydrogen being burnt. 
When similar mixtures were exploded in tubes of different diameter, v. Meyer in 
most cases found that the coefficient of affinity was altered. In a large tube of 20 
millims. diameter more carbonic oxide and less hydrogen were burnt than in narrower 
tubes of 12‘5 millims. and 5 ‘5 millims. diameter. With one mixture, however, v. 
Meyer found no alteration of the coefficient whether the explosion was made in the 
largest tube or the smallest. This change of affinity he attributed to the increased 
friction of the gases in the narrower tubes, which he says always tends to increase the 
relative affinity of hydrogen for oxygen. In most cases this increase of affinity is 
sufficient, according to v. Meyer, to cause a leap in the proportion of hydrogen to 
carbonic oxide burnt, but in a few cases, where the equilibrium is more stable, this 
increase of affinity does not suffice to alter the ratio of the gases burnt. 

In the summer of 1876, at the suggestion of Mr. Vernon IIarcourt, I began 
experiments in the Christ Church laboratory to test the truth of Bunsen’s law. 
I was ignorant at the time of the paper IIorstmann had published in a local journal* 
at Heidelberg in the spring of the same year. 

Description of the apparatus. 

The apparatus employed in the earlier experiments detailed in this paper w T as 
devised by Professor McLeod and erected by him in the Lee’s laboratory at Christ 
Church, Oxford. The construction of this instrument is too well known to require 
description. 

The later experiments were made in the laboratory of Balliol College with an 
apparatus devised by Professor F. 1). Brown for measuring the tensions of saline 
solutions. The only alterations I found necessary to make were (1) the substitution 
of a eudiometer (with a bent capillary tube and steel cap) in place of the shorter 
tension-tube, (2) the adjustment of a, movable shelf to two of the iron uprights to 
hold a mercury trough for the laboratory tube. 

A general view of this instrument and details of the connections are given in 
Plates 41 and 42. 

The framework of the instrument is very strongly constructed of iron, screwed up 
firmly together. The jacket surrounding the eudiometer is of copper, with a wooden 
casing. The jacket has a door near the bottom, and a movable plate at the top, both 
made of gun-metal. The windows are of plate glass. The liquid employed in the 
jacket is water for temperatures below 100°, and a mixture of glycerin and water for 
higher temperatures. A screw-stirrer is made to revolve in the liquid. In an 
annular pipe, outside the jacket, and opening into it near the top and bottom, the 
liquid is heated and a continuous circulation maintained. Two thermometers 
graduated to tenths of degrees are placed at different heights in the jacket. The 
mean of their readings is taken as the temperature of the gas in the eudiometer. 

The barometer tube is surrounded with a water-jacket. An enlargement at the top 
* Verb, tics Heidelb. naturf. mod, V orpins, N.S., I., 3. 
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diminishes the error due to residual air. The heights of the mercury in the eudio- 
meter and barometer are read off by a cathetometer. The whole apparatus stands on 
a stone floor in a cellar underground. 

The platinum wires are sealed into the eudiometer close to the shoulder, and are 
passed through two small glass prominences, over each of which an india-rubber tube 
surrounding the wire is stretched so as to prevent contact between the wire and the 
water in the jacket. By this device a spark can be passed between the wires without 
lowering the water in the jacket. The lower ends of the eudiometer and barometer 
are not contracted. They are fastened gas-tight into steel blocks by a collar and nut 
compressing three or four india-rubber rings. The details of these junctions and of 
the 3-way steel cock ai'e given in the diagrams (Plate 42.) By this arrangement the 
eudiometer and barometer can easily be removed and cleaned out with a long brush. 

I have found the steel caps joining the eudiometer and laboratory tube to answer 
their purpose most admirably. In eight years’ work i have never known an experi- 
ment to be lost on account of any failure of this joint. 

The readings of the instrument are made by artificial light. On the further side of 
the jacket a screen, half of translucent paper and half of black paper, with their line of 
demarcation horizontal, was made to slide up and down close to the window. 

Behind this screen and moving with it an argand burner, connected by a flexible 
tube with the gas supply, is adjusted ; with this artificial illumination more concordant 
readings are obtained than with variable daylight, and the experiments can be carried 
on at all hours. 

Repetition of Bunsen’s experiment. 

I commenced by repeating Bunsen’s experiments with carbonic oxide and electro- 
lytic gas. The gases were exploded over mercury in a wet eudiometer, and the 
calculations made according to the directions in Bunsen’s “ Gasometry.” In the 
following table the results of this first series of experiments are given side by side 
with Bunsen’s results, and expressed in a similar manner for the purpose of com- 
parison. The explosions were made under pressures varying from 200 to 300 millims. 
of mercury, and between the temperatures of 1 5° and 1 7° C. 


4 r. 


M DOCCLXXXl V. 



62 G 


MR. H. B. DIXON ON CONDITIONS OF CHEMICAL CHANGE 


Table III. — Experiments with Carbonic Oxide and Electrolytic Gas in a 

Wet Eudiometer. 



Dixon’s experiments. 

Bunsen’s experiments. 


Number. 

100 volumes of the combustible 
gases contain 

Ratio of 
carbonic add to 
water formed 

100 volumes of the combustible 
gasos contain 

Ratio of 
carbonic acid to 
water formed 



Number. 


CO 

H 2 

CO, 

H,0 

! CO 

h 2 

CO, 

H.0 


1 

80-3 

197 

2*83 

79-9 

201 

2*04 

i 

2 

79*5 

20*5 

2*05 

1 




a 

79-3 

20*7 

2*03 





4 

79-2 

20*8 

2 2(5 





5 

787 

21*3 

2*34 





G 

757 

24*3 

1*02 





7 

?:>■;{ 

247 

1-46 

74*2 

25-8 

•89 

2 

8 

73-6 

20*4 

1*40 





9 

71-4 

28-6 

1*07 





10 

70-2 

29*8 

1*08 





]] 

M-2 

30*8 

1*00 

09*2 

30-8 

*95 

3 

12 

G9L 

30*9 

1*00 





13 

GO-2 

39*8 

•62 

59 G 

40*4 

•51 

4 

14 

48*2 

51-8 

*44 





15 

4G*8 

53*2 

•39 





10 

40-0 

53*4 

*39 

4G*5 

53*5 

•34 

5 

17 

45*8 

54*2 

•39 

37*4 

G2G 

•29 

G 

18 

28*3 

717 

•22 

2H-8 

71 2 

•24 

7 





27*0 

73*0 

•20 

8 


These experiments gave no indication of any sudden change in the proportion of 
carbonic oxide and hydrogen burnt. They neither agreed well with Bunsen’s results, 
nor were they concordant one with another. In the first five experiments the pro- 
portion of carbonic oxide to hydrogen taken was nearly the same as in Bunsen’s first 
experiment, but the ratio of carbonic acid to steam formed varied from 2’8 to 2. In 
the 9th, 10th, 11th, and 12th experiments the proportion of carbonic acid to hydro- 
gen taken was nearly the same as in Bunsen’s 3rd experiment ; the results were 
concordant and agreed with Bunsen’s. Between these two sets, according to 
Bunsen, the sudden change from 2:1 to 1:1 occurs. Experiments 6, 7 , and 8, inter- 
mediate between these two sets, gave intermediate ratios for the carbonic acid and 
water formed. Experiment 13 did not agree with Bunsen’s 4th, nor Experiments 
15, 16, and 17 with Bunsen’s 5th. 

These discrepancies, greater than could be accounted for by any error of manipulation, 
led to a more minute examination of the conditions affecting the chemical change. 
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The re-action between carbonic oxide and oxygen. 

In the first place the question presented itself — Is the action between a small 
quantity of oxygen and an excess of combustible gases always complete, or is it 
possible that a certain number of oxygen molecules may during the moment of 
explosion remain in equilibrium between the attractions of the other molecules around 
them and so remain un combined ? 

To solve this question a mixture of carbonic oxide with one-third its volume of 
oxygen was fired in a wet eudiometer at 15° O. and under a pressure of 300 millims. 

Carbonic oxide 75 volumes. 

Oxygen 25 ,, 

Before explosion J 00 „ 

After explosion 75*9 „ Contraction = 24*1. 

After absorption 25 ’1 ,, Absorption = 50'8. 

The contraction on explosion was found to be less than the original volume of 
oxygen by *9 volume, and the absorption was found to be more than double the original 
volume of oxygen by *8 volume. Since more carbonic acid was produced than could 
have been formed by the oxygen taken, it was evident that the carbonic oxide must 
have been oxidized to some extent by the steam present in the eudiometer. Now for 
every molecule of carbonic oxide so oxidized, a molecule of free hydrogen must be 
liberated, and the place of the decomposed molecule of steam would be filled by the 
volatilization of a molecule of water from the sides of the tube. In this experiment 
the oxygen, if completely consumed, would oxidize 50 volumes of carbonic oxide to 
carbonic acid, but since 50 '8 volumes of carbonic acid were formed, '8 volume of 
carbonic oxide must have been oxidized by the steam. This reduction of '8 volume of 
steam, producing an equal volume of hydrogen, would make tho contraction on explo- 
sion '8 volume less than it would have been had no such secondary action taken place. 
The observed contraction agreed with this. A repetition of the experiment gave a 
similar result. 

Volume of carbonic oxide = 73*24 

,, oxygen — 26*76 

Total volume before explosion = 100 

„ after explosion = 74*02 Contraction = 25 98. 

„ after absorption = 19*70 Absorption = 54*32. 

Here the volume of carbonic acid formed is more than twice the volume of oxygen 

taken by *8 volume, and the contract ion on explosion is less than the volume of oxygen 

4 l 2 
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taken by '78 volume. By an analysis of the residual gases the liberated hydi-ogen 
was directly estimated, and its volume and was found to be exactly '78 volume. 

Volume of residual gases = 1970 
,, On addition of oxygen = 51'12 

„ After explosion = 40'49 2nd contraction = 10'G3 

„ After absorption = 21 '58 2nd absorption = 18'9I 

CO = 18-91 

IL = 1 [10'G3 - 1H 3 0J } 

= 78 

It was evident from these experiments that the results obtained with carbonic oxide 
and electrolytic gas were affected by the presence of the aqueous vapour. Since at the 
temperature reached in the explosion the excess of carbonic oxide reacts with the 
steam, forming carbonic acid and hboratiug hydrogen, the presence of aqueous vapour 
appears to increase the affinity of carbonic oxide for oxygen and diminish that of 
hydrogen. Such an effect is exactly the opposite of that produced by adding carbonic 
acid to the mixture before explosion. Bunsen showed in his first paper that when an 
excess of hydrogen is exploded with oxygen in presence of some carbonic acid, some of 
the lattdt is reduced by the excess of heated hydrogen to carbonic oxide. Thus the 
previous addition of aqueous vapour, one of the products of the reaction, alters the 
apparent division of the oxygon, just as the previous addition of carbonic acid, the other 
product of the reaction, alters it in an opposite direction. This fact accounts in part 
for the discrepancies observed in comparing my experiments with Bunsen’s, for while 
my explosions were made at an initial temperature varying between 15° C. and 17° C., 
Bunsen made one set of explosions between 22° C. and 23° C., and the other set between 
2°C. and 5°(J., so that very different quantities of aqueous vapour were present in the 
different experiments. In order, therefore, to make the experiments a real test of the 
law of mass, it was necessary to perform the explosions with dry gases in a dry 
eudiometer. 

Before proceeding to repeat the experiments with dry carbonic oxide and electro- 
lytic gas, another attempt was made to determine whether, in a dry eudiometer, 
oxygen is completely burnt when exploded with a large excess of carbonic oxide. 
This experiment led to the important discovery that dry carbonic oxide and oxygen do 
not combine when submitted to the electric spark. A mixture containing 3 volumes 
of carbonic, oxide to 1 of oxygen was brought over into the dried eudiometer, and a 
spark from a Leyden-jar was passed through it without causing explosion. A little 
more oxygen was added, and the spark again passed without result. 

A fresh charge of the carbonic oxide, prepared from recrystallized oxalic acid, was 
next brought into the dried eudiometer and mixed with an excess of oxygen. The 
following numbers taken from my laboratory note-book are the measurements made 
iu this experiment with McLeod’s form of gas analysis apparatus. 
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Dry vacuum . 
[Wet vacuum 


On adding carbonic oxide 
On adding oxygen . . . 


1 in© in 
eudiometer. 

Barometer. 

Temp. C. 


millima. 

o 

5 

58(5*2 

14*13 

5 

548*2] 


5 

(5(587 

14*1(5 

5 

905*3 

i 

14*18 

mid not explode when spark 

1 ! 

s were passed tl 

5 

9D1-4 

12*4 


Difference. 


miHims. 
120 
Table 120 


Aq. tons. = 0*0 


On adding carbonic oxide 

This mixture would not explode wlien sparks were passed through it. 


A second sample was then brought into the eudiometer — 



Lino in 


eudiometer. 

Dry vacuum 

5 

On adding carbonic oxide 

5 

On adding oxygen .... 

5 


Barometer. 

Temperature. 

Difference. 

millim8. 

O 

mi 11 imp. « 

537*0 

13 4 

11*2 
Table 11*4 

(59(5*2 

13*45 


910*9 

13*0 



This mixture would not explode. It was then passed into the laboratory tube and 
allowed to stand for a few seconds over a drop of water. On returning it to the 
eudiometer, and again sending a spark through, the mixture exploded. 

Since it had been already shown that carbonic oxide is oxidized by steam at a high 
temperature, it seemed possible that carbonic oxido is incapable of direct union with 
oxygen, but is burnt indirectly by steam with liberation of hydrogen. The steam 
would act as a carrier of oxygen to the carbonic oxide by a process of alternate 
oxidation and reduction, somewhat analogous to that undergone by nitric oxide in the 
sulphuric acid chamber. I have made many experiments to test this hypothesis, both 
on account of the interest attaching to such a “ catalytic ” decomposition among the 
simplest gaseous bodies, and of its important bearing on the mode of division of the 
oxygen between the hydrogen and carbonic oxide in incomplete combustions of these 
gases. 

The carbonic oxide used in these experiments was prepared by gently heating re- 
crystallized sodic formate with concentrated sulphuric acid in a glass flask. The gas 
was passed (l) through a wash-bottle containing a strong solution of potash, (2) through 
a wash-bottle containing concentrated sulphuric acid, (3) through a U -tube containing 
fragments of solid caustic potash, and (4) through a fj-tube containing frag- 
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merits of pumice saturated with concentrated sulphuric acid. It was collected 
over mercury in glass cylinders which had been heated and filled while hot with hot 
mercury. On exploding 100 volumes of the gas in a wet eudiometer with 15G - 3 
volumes of oxygen a contraction of 5017 volumes was observed, and on treating the 
residual gases with potash a further contraction of lOO'OO volumes was observed. 

The oxygen was prepared by heating re-crystallized potassium chlorate in a piece of 
combustion tubing drawn out and bent, so that the drawn out end formed a delivery 
tube which dipped under the surface of mercury. On exploding 100 volumes of the 
gas with excess of hydrogen a contraction of 300 ’02 volumes was observed. 

The following experiments were conducted in McLeod’s form of gas analysis apparatus. 
A mixture of tho two gases in the proportion of 2 volumes carbonic oxide to 1 
volume oxygen was kept in a glass cylinder over mercury in contact with a stick of 
potash. The apparatus, after dried air had been drawn through all its parts for twelve 
hours, was charged with hot mercury, and then specially dried in the following 
manner. The water in the glass jacket surrounding the eudiometer and barometer was 
kept for some hours at a temperature of 90°-95° Cl, while air, drawn through a nearly 
horizontal drying tube containing sulphuric acid, was passed by means of a bent glass 
tube dipping under the surface of the mercury in the trough, through the laboratory tube, 
eudiometer and barometer, to the top of which an aspirator was attached. The mercury 
from the reservoir was run up several times into tho hot tubes, so as to transfer to 
the glass any traces of moisture it might carry with it, and more dry air was drawn 
through the tubes after the mercury had been returned to the reservoir. By reversing 
the inclination of the sulphuric acid drying tube, the air in the eudiometer was expelled 
through it without disconnecting the laboratory tube. Finally the bent tube was 
removed, the air in the laboratory tube drawn over into the eudiometer, and the former, 
when completely filled with mercury, closed by its stopcock. The laboratory tube and 
eudiometer were then disconnected, the air in the latter expelled by running up 
the mercury until drops issued from the steel cap, when the stopcock was turned and 
the laboratory tube connected up again. The mixture of carbonic oxide and oxygen, 
prepared as above, was transferred from the glass cylinder to the laboratory tube, 
and thence was drawn into the eudiometer and placed under a pressure of 250 millims. 
of mercury, at a temperature of 17° C. On passing a spark from a Leyden-jar through 
the gases they did not ignite. Several powerful sparks were passed without result, 
and then the rapid succession of sparks from a IIuumkorff’s ooil was employed. At 
the first discharge the gases ignited and burnt slowly down the tube. The eudiometer 
was then further dried by drawing through it at 100° C. air which had been passed 
through two horizontal drying tubes freshly charged with sulphuric acid. Some of the 
mixture used in the last experiment was passed into the eudiometer, and put under a 
pressure of 100 millims. (temp. 17 0, 2 C.). Sparks from the Ruhmkorff coil were passed 
through it without igniting it. The gases were tested under 1 50 millims. pressure 
with the same result. Under 200 millims. the gases did not ignite when a continuous 
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succession of sparks was passed, but the platinum wires became red hot, showing that 
some local action was produced. Under 250 millims. pressure the gases ignited on 
passing the spark. The disc of flame took about three seconds to travel down the 
half-metre of tube filled with the mixture. Some of the same mixture, standing in 
the laboratory tube, was charged with aqueous vapour by passing a drop of water to the 
surface of the mercury. It was drawn over into the vacuous eudiometer and put under 
1 50 millims. pressure. On passing a spark from the coil the gases exploded suddenly 
down the tube. The passage of the flame was too quick to be followed by the eye. 

Into a small straight eudiometer, heated and filled while hot with hot mercury, 
some of the same gaseous mixture was passed up. A little phosphoric oxide [powder] 
was then introduced into the tube, which was shaken so that the oxide adhered to 
the sides of the ghiss. The gases were left standing in the tube for an hour. A spark 
from a Leyden-jar was then passed between the platinum wires without effecting the 
ignition of the gases. The gases were under a pressure of 7 00 millims. Several powerful 
sparks were passed without any result. A discharge from the coil ignited the gases. 
This experiment was repeated with the following modifications. Into the gaseous 
mixture in the small eudiometer was passed up a stick of phosphoric oxide, made by 
pressing the powder into a short glass tube closed at one end with a cork. To pass up 
this stick, the glass tube was depressed under the end of the eudiometer, the cork 
removed, and the phosphoric oxide pushed up by a glass rod. The gases were allowed 
to stand for two days in contact with the phosphoric oxide, the eudiometer being 
clamped down on to a caoutchouc cushion under mercury. On passing a spark from 
a Leyden-jar, no combustion took place. The pressure was 700 millims. The first 
discharge from the coil caused a very slight combustion near the wires. On loosening 
the clamp the mercury rose about 2 millims. in the tube. No further combination took 
place on passing a succession of sparks from the coil. A little water was then 
introduced by a pipette. The heat evolved on contact of the oxide with the water 
caused the mixture to explode with a bright and sudden flash. 

It appears from these experiments that the greater the degree of dryness reached, 
the greater pressure the gases can withstand without entering into explosive com- 
bination when an electric spark is passed through them. 

An attempt was next made to dry the gases and tubes more thoroughly. A 
mixture of the two gases in the same proportions, and prepared in the same way, was 
placed in a glass gasholder over concentrated sulphuric acid. The explosion tubes, 
each drawn out at one end, and fitted at the other with a caoutchouc stopper and glass 
tube, were joined together by short pieces of india-rubber tubing. They were then 
strongly heated, while air, previously dried by passing through a horizontal sulphuric 
acid tube, was aspirated through them. When cool, the stopper of each was removed, 
a plug of freshly-packed phosphoric oxide quickly pushed in, and the stopper immediately 
replaced. The tubes were then drawn out near the stoppered end in the blow-pipe 
flame. They were then reconnected by short pieces of tubing. Between the gasholder 
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and the first explosion tube a drying tube packed with phosphoric oxide was placed ; 
the last explosion tube was connected with a delivery tube, opening under strong 
sulphuric acid in a wash-bottle. The mixture of gases was then forced through the 
tubes, and when about a litre had been allowed to escape from the wash-bottle, the 
counterpoise of the gasholder was so adjusted that the pressure in the tubes was a 
little less than the pressure of the atmosphere. A tine Bunskn flame was then brought 
to bear upon the capillary portions of the tubes until the sides fell in under the 
external pressure, whereupon the glass was melted and drawn out. This operation 
was found to be far from easy ; more than half the tubes so charged were fired during 
the sealing, owing to the contact of the insufficiently dried gases with the heated 
glass. I ti'ied in vain to seal up damp tubes filled with the same mixture ; the 
gases always exploded when the fine glass tubes got red hot. About half the 
samples of carbonic oxide and oxygen sealed up with phosphoric oxide were 
unaffected when a succession of sparks from a coil was passed through them a few 
hours afterwards.* The other half ignited after the discharge had been passing for a 
few seconds. In some cases this appeared to be due to some phosphoric oxide having 
been shaken on to the platinum wires, which gave off moisture when heated by the 
discharge. In other cases, 1 believe, the ignition was due to the platinum wires 
themselves, when heated by the discharge, giving up occluded hydrogen, which uniting 
with the oxygen present supplied the steam necessary for the combustion. 

An easier method of drying the gases was next adopted with complete success. A 
glass tube about 600 millims. long was closed at one end, and at a point 1 00 millims. from 
the open end it was bent at an angle of 60°. Near the closed end two long and thick 
platinum wires, ending in balls of platinum about 2 millims. in diameter, were fused 
through the glass. Between these balls sparks could be passed from a jar or a coil 
without appreciably raising their temperature. The bent tube was heated and filled 
with hot mercury. The mixture of carbonic oxide and oxygen was then introduced from 
the gasholder by a fine glass tube passing down through the mercury in the shorter 
arm. When the longer arm was nearly filled with the mixture, a freshly packed 
stick of phosphoric oxide was introduced into the gases, and the open end closed with 
a caoutchouc stopper. The mixture of gases was thus separated from the air by some 
six or eight inches of mercury and the caoutchouc stopper. After standing for twenty- 
four hours, the mixture was unaffected by a torrent of sparks from a powerful coil. In 
one of these tubes I have submitted the gases to a pressure of 800 millims., and passed 
a discharge without igniting them. On passing up some water through the mercury 
by a pipette and allowing the vapour to diffuse, the mixture was rendered explosive. 

* Four of tlicse tubes were exhibited before the Chemical Section of the British Association at Swansea 
in 1880. When tested with sparks from a Leyden- jar no action was observed ; with a discharge from the 
eoil the wires became red-hot, but the gases did not explode. 

1 gratefully acknowledge the valuable help given me by Mr. S. E. Miller laboratory assistant at 
Christ Church, in charging these tubes. 
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Dr. Botscd* in a dissertation read at Tubingen has denied the fact (briefly 
announced by me in 1880) that the absence of steam prevents the combination of 
carbonic oxide and oxygen by the spark. lie states that he has repeated tho experi- 
ment, and the mixture oxploded, “ even when dried by phosphoric oxide.” He found 
that by sufficiently reducing the pressure he could prevent the propagation of the 
explosion, both in the wet and dry gases. He suggests as an explanation of my results 
that the dry gases were tested under a less pressure than the wet gases. From the 
detailed account I have given above, it is evident that Dr. BotsoiTs explanation does 
not account for the facts observed. I conclude that he failed to obtain the same result 
by not leaving the mixture long enough in contact with dry phosphoric oxide. I may 
add that during the last two years, several of my pupils have repeated the experiment 
in the Balliol College laboratory, so that the fact of tho non-inflammability of the dry 
gases when submitted to an electric spark under ordinary pressure and temperature, 
may fairly be considered beyond the possibility of doubt. 

Experiments have already been described in which the addition of water to a nou- 
explosive mixture of carbonic oxide and oxygen has rendered it explosive. Into ono 
of the explosion tubes above described a piece of potash (previously fused and heated 
to redness in a silver boat, and allowed to cool in a desiccator) was introduced. It 
was fused to the glass at the top of the tube above the platinum wires. The phos- 
phoric oxide was then introduced, the tube was drawn out to a capillary end 
in the blowpipe and charged with the mixture. It was then sealed up in the flame 
and allowed to stand. After two days the gases were tested with a succession of 
sparks without exploding. The potash was then gently warmed by applying it 
Bunsen flame to the top of the tube. On passing a spark, a flame passed up from 
the platinum wires to the top of the tube. After standing an hour it was again 
tested with a spark. No explosion took place. On heating the potash rather 
strongly and passing another spark a flame passed up from the platinum wires to 
the top of the tube, and downwards about half the length of the tube. After the 
tube had stood about two hours longer, a third flame was produced on reheating 
the potash and passing a spark. 

To try what effect the admixture of small quantities of different gases had on the 
determination of the explosion, some of the mixture of carbonic oxide and oxygen 
previously used was brought over into the eudiometer of McLeod’s apparatus, which 
had been dried at 1 00° C. Under 300 millims. pressure the mixture did not explode on 
passing through it a succession of sparks. A little carbonic acid gas, dried over 
phosphoric oxide, was introduced. The spark was passed without causing an explosion. 
A fresh charge of carbonic oxide and oxygen was brought into the eudiometer, and a 
small quantity of cyanogen, dried over phosphoric oxide, introduced. The spark did 
not cause an explosion under 300 millims. pressure. A fresh portion of the Bame 
mixture, with a small quantity of dry air, was tested under the same pressure with 

* Liebiu’s Annalen, 1882. 
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the same result. Similarly, small quantities of dry nitrous oxide and dry carbon 
bisulphide were found not to render the mixture inflammable. A small quantity of 
hydrogen dried over phosphoric oxide, occupying about of the total volume of the 
gases, was next introduced into a fresh portion of the dry mixture. On passing a 
spark under 300 millims. pressure, the gases ignited and burnt rather slowly down the 
tube. After the apparatus had been re-dried some of the same mixture of carbonic 
oxide and oxygen was introduced into the laboratory tube, and a portion of it was 
drawn over into the eudiometer and tested by a spark under 300 millims. pressure, 
without ignition. A drop of ether was then passed up into the laboratory tube ; a 
very small quantity of the mixed gases, charged with ether vapour, was drawn over 
into the eudiometer. After the gases had been allowed to interdiffu.se for an hour, 
the passage of the spark caused an explosion under 250 millims. pressure. Similarly 
a trace of the vapour of the hydrocarbon pentane rendered the mixture explosive. In 
the same way I have found that both a trace of dry hydric chloride gas and a trace of 
dry sulphuretted hydrogen gas render a. non-inflammable mixture of carbonic oxide 
and oxygen explosive. 

From these experiments it appears that the non-explosive mixture of carbonic oxide 
and oxygen is rendered explosive not only by the presence of a trace of steam, but 
by traces of other bodies containing hydrogen which react with oxygen to produce 
steam. Nitrogen, cyanogen, nitrous oxide, carbon bisulphide, and carbonic acid do 
not confer inflammability on the mixture. To test the effect of the presence of steam 
on other gaseous mixtures, I made some comparative experiments on dry and wet 
mixtures of hydrogen and oxygen obtained by the electrolysis of dilute sulphuric acid. 
Into the carefully dried eudiometer of McLeod’s apparatus a mixturo of equal volumes 
of air and electrolytic gas, which had been standing for some days over phosphoric 
oxide, was introduced. Beginning at 20 millims., the pressure was increased 
5 millims. at a time until the gases exploded. The dry mixture did not explode under 
70 millims.; it did explode under 75 millims. The residue was run out and a fresh 
portion of the same mixture introduced into the damp tube. Beginning at 20 millims., 
the pressure was increased by 5 millims. at a time until the gases exploded. The 
damp mixture did not explode under 70 millims. ; it did explode under 75 millims.* 
The union of oxygen and hydrogen is therefore not affected by the presence or absence 
of water. On the other hand, a mixture of cyanogen with ten volumes of air, which 
had stood over phosphoric oxide, did not explode when the pressure was raised step by 
step from 100 millims. to 800 millims. in the dry eudiometer. On addition of aqueous 
vapour the mixture did not explode under 300 millims., but did explode under 305 
millims. I am inclined to think that cyanogen undergoes oxidation in the same way 
as carbonic oxide, through the medium of steam. 

* Note added Dec., 1884. — Lothar Meyku and K. Skubert (Journ. Chom. Soc., Oct., 1884) find that 
electrolytic gas is only partially burnt when a spark from a Rohmkokfe coil is passed through 
it under a pressuro of 70'f> rniilims. ; at 72 millims. pressure the combustion is complete. 
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Mention has been made of the slowness with which the flame travels down the 
explosion tube when a mixture of carbonic oxide and oxygen in a state of comparative 
dryness is ignited. To obtain some idea of the rate of propagation of explosion under 
these conditions, some of the mixture of carbonic oxide and oxygen was brought into 
the well-dried eudiometer of the gas apparatus. A lout] -beating seconds’ pendulum 
was sot going close by, and a spark sent from the coil as a second struck. By 
watching at the level of the mercury below and listening to the beats of the pen- 
dulum, the passage of the flame could be roughly timed. Beginning at 2(30 millims., 
the pressure was raised 20 millims. between each passage of tho spark. The gases 
withstood 480 millims. pressure without igniting ; . at 500 millims. pressure they 
ignited. The flame was timed to pass down the 860 millims. between the wires and 
the surface of tho mercury in 2 { seconds. The eudiometer was re-charged, a drop of 
water passed over and the gases fired under 500 millims. pressure. The passage of 
the flame appeared instantaneous. 

An attempt was made to measure the efloct of different quantities of steam on the 
rato of propagation of the explosion. This was done by comparing tho pressures 
produced in the tube when equal masses of carbonic oxide and oxygen were succes- 
sively exploded at the same temperature and pressure with different amounts of 
aqueous vapour. Since the total quantity of heat evolved in each explosion was the 
same, and tho cooling surface was the same in each experiment, a quicker explosion 
would bring the column of gases to a higher average temperature than a slower 
explosion, and would therefore cause a sharper push on the mercury column. If' a 
sufficiently sensitive gauge were attached to tho eudiometer, its readings would give 
comparative indications of the rate of explosion of the carbonic oxide and oxygen. 
Near the bottom of the eudiometer in which the gases were exploded, a self-registering 
pressure gauge was attached by a strong glass tube. The gauge (of 1 millim. bore) 
contained air in the closed limb over mercury. An index, similar to those used in 
Six’s thermometer, was carried up and left at the highest position reached by the 
mercury. Near the bend of the gauge two bulbs were blown in the tubo as reservoirs, 
enabling the mercury to be lowered in the eudiometer without permitting the air to 
escape from the closed limb of the gauge. This gauge was found to be not very sen- 
sitive, but the difference between its readings (l) with the slow combustion of the 
nearly dry gases, and (2) with the rapid explosion of the gases saturated with steam, 
was well marked. 

In two experiments a trace only of aqueous vapour was present. The eudiometer 
was dried at 80° C., by drawing through it for half an hour air which had passed 
through two long sulphuric-acid drying tubes and a small tube containing phosphoric 
oxide. It was found that by this method of drying just sufficient aqueous vapour 
remained in the tube to enable the combustion to take place slowly when sparks from 
a Ruhmkokjet’s coil were passed through tho gases. In the first experiment several 

sparks were passed before the gases took fire. In both experiments the disc of flame 
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occupied about two seconds in passing down the length of 500 millims. occupied by the 
gases in the eudiometer. Tn three other experiments measured quantities of aqueous 
vapour were added short of saturation ; in the last two experiments the aqueous 
vapour was at maximum tension, and the sides of the eudiometer were wet. Before 
each explosion the mercury in the gauge was brought to the mark 229 on the scale, 
which indicated a pressure of 533 millims. of mercury on the air in the closed limb. 

The following table gives the quantities of aqueous vapour in each experiment, the 
readings of the pressure gauge, and the pressures corresponding to thoso readings. 


Table IV. — Pressures produced by the explosion of carbonic oxide and oxygen with 

varying quantities of steam. 


No. 

Tension of 
carbonic oxide 
and oxygen. 

Tension of 
aqueous vapour. 

Heading of 
pressure gauge 
before explosion. 

Heading of 
pressure gauge 
after explosion. 

Increase of 
pressure 
registered in 
gauge. 

Temperature of 
gases. 

Length of 
column of 
gases exploded. 


miliiinH. 

millims. 



millims. 

°C. 


1 

200 

Trace 

220 

236 

29 

33 

500 

2 


Trace 

>> 

236*2 

30 

332 

500 

3 

n 

87 

1 > 

249-2 

87 

33 

505 

4 

tt 

94 

>1 

2496 

89 

33-5 

505 

5 

t) 

15 

ti 

249-4 

88 

34 

514 

6 

1 1 

38 

it 

252*6 

105 

333 

524 

7 

V 

40 

tt 

252*6 

105 

34 

525 


These experiments show very plainly the increased rapidity of the propagation of 
the explosion produced by the addition of steam to the mixture of carbonic oxide and 
oxygen. With tbe exception of the 5th experiment the pressures registered mount 
up regularly with the increase of aqueous tension in the oudiometer. 

During the last three years several most interesting and ingeniously devised series 
of experiments have been brought before the French Academy of Sciences by MM. 
Bekthelot and Yieille, and by MM. Mallard and Le Chatelier on the velocity of 
explosion of gases. They have shown the velocity to be far in excess of the rates 
previously assigned. The old determinations of Bunsen gave for the velocity of 
explosion of electrolytic gas 34 metros per second, and for carbonic oxide and oxygen 
1 metre per second. These numbers must be multiplied a thousandfold. MM. 
Bekthelot and Vieille * have shown that the explosion of any particular mixture of 
gases in a tube begins slowly, increases in velocity, and finally gives rise to an “ ex- 
plosive wave,” which is propagated at a uniform rate. This rate is independent of the 
pressure and the diameter of the tube, but varies when different explosive mixtures 
are used. The experiments were made on different explosive mixtures in a tube 
40 metres long. They found the velocity of the explosive wave to be a close 
approximation to the mean velocity of translation of the molecules in the gaseous 
products of combustion calculated from the formula of Clausius. 

* Comptes Rondus, xov., 151. 
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v=29'354 /sjl 

where r is the absolute temperature, calculated on the assumption that the molecules 
contain all the heat disengaged in the reaction, and a is the mean density of the gases 
remaining after combustion. 

The rate of explosion and the calculated velocity of the gaseous molecules agree 
fairly well in the case of hydrogen and the simpler hydrocarbons exploded with 
oxygen. For instance, they find the velocity of explosion of electrolytic gas to bo 
2810 metres per second, the “theoretical velocity” being 2831 metres per second. 
But with carbonic oxide the velocity observod is only 1090 metres per second, the 
calculated velocity being 1940. This gas they consider, therefore, to be an exception 
to the general rule. When, however, a mixture of carbonic oxide and hydrogen is 
exploded with oxygen, they find the observed velocity of explosion to approximate to 
the calculated velocity, and explain the fact by supposing the hydrogen to com- 
municate to the carbonic oxide a law of detonation analogous to its own. With 
mixtures of carbonic oxide and nitrous oxide, a similar divergence between the cal- 
culated and observed velocities of explosion is found, whereas with hydrogen and 
other gases containing hydrogen, exploded with nitrous oxide, there is a very closo 
agreement between the observed and calculated velocities. Berthelot and Vieille 
dried the explosion tube before each experiment, and employed dry gases. In their 
experiments with hydrogen and oxygen they found that the rate of the explosive 
wave was independent of the material of the tube, and of its diameter above 5 millims. 
The velocity was the same whether the tube was curved or straight. The maximum 
velocity was attained oidy after the explosion had travelled between 50 and 500 
millims. from the spark. The “ variable state ” preceding the regime of the explosive 
wave differed according to the strength of the spark employed to fire the mixturo. 
The velocity of explosion was determined by making the flame break two thin strips 
of tin, stretched across the explosion tube near either end, each strip forming part 
of one of the circuits of a Boulenqii; chronograph. A grain of fulminate was folded 
in the strips to ensure their being broken by the flame. Berthelot and Vieille 
have published no experiments on the duration of the variable state preceding the 
establishment of the explosive wave with carbonic oxide and oxygen. 

Measurement of the initial velocity of explosion of carbonic oxide and oxygen. 

To determine directly the initial velocity of explosion of carbonic oxide and oxygen 
from the point of ignition, with varying quantities of aqueous vapour, the following 
apparatus was employed : — 

A is a brass pipe of 1 3 millims. internal diameter soldered into a metal trough, so that 
each end projected a short distance from the end of the trough. To one end of the brass 
tube the firing piece B was cemented. This consisted of a short thick glass tube in 
which were sealed two platinum wires connected with the secondary coil of a large 
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Ruhmkorff, .and of a short trass tube and tap for admitting the gases. To the other 
end of the brass pipe was screwed the cap C containing the metallic bridge to be broken 
by the explosion : this consisted of a thin strip of silver foil soldered with fusible 
metal on to two insulated brass pieces let into two vulcanite plugs, one on each side of 
the cap. The silver strip was sufficiently thick to convey the current of one Grove 
cell without becoming heated. No fulminate or other explosive was employed. The 
silver strip was invariably broken by the flame. The distance from the platinum wires 
to the silver bridge was 1*049 metre. In the circuit, of which the silver strip formed 
a portion, a chronograph was inserted. This consisted of two small electromagnets 
which, when the current was flowing, held down a style against a spring. The chrono- 



Arrangement of Explosion Tube. 



Plan of cap (J* Section of cap C. 

graph was adjusted so that the end of the style pressed lightly against the blackened 
surface of a glass plate carried by a heavy pendulum. The pendulum, at the lo west 
point of its swing, overturned a brass upright moving on a horizontal axis, and so broke 
the primary coil of the Ruhmkorff, inducing a direct current in the secondary coil. 
This induced current caused a spark between the platinum wires which fired the explo- 
sive mixture. Until the explosion reached the silver foil the style continued to 
describe an arc of a circle on the moving blackened plate. When the silver was 
broken, the style, released from the magnet, sprang upwards, marking the moment of 
interruption. To correct for the error due to the retardation of the chronograph a 
blank experiment was always made immediately before firing the mixture. The wires 
of the chronograph were attached to the break of the primary coil of the Ruhmkorff, 
so that the circuit was completed through this break instead of through the silver foil. 
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On allowing the pendulum to fall the style registered a mark on the moving plate 
when the circuit was broken. Without moving the chronograph the wires were 
readjusted, and the explosion made. The distance between the two marks on the 
blackened plate gave the time which elapsed between the breaking of the primary coil 
of the Huiimkokff and the rupture of the silver foil by the explosion, independently 
of the error of the chronograph ; for the position of both marks was affected 
equally by the retardation of the electro-magnet. The rate of the pendulum, and 
therefore the interval of time corresponding to the two marks, was determined by 
taking the trace of a standard tuning fork on the blackened plate allowed to fall from 
the same height. By filling the trough with water and heating it with two argand 
burners, the explosion tube could be kept at any desired temperature. 

Three sets of experiments were made, one at 10° C., the second at 35° C., and the 
third at 60° C. The mixture of gases, containing two volumes of carbonic oxide to one 
volume of oxygen, was contained in a copper holder over water. After the explosion tube 
had been dried by heating and drawing through i t for some hours air which had passed 
through three long tubes containing pumice saturated with oil of vitriol, the mixture 
of carbonic oxide and oxygen was driven slowly into the tube, (1) through two 
sulphuric acid drying tubes, and (2) through two long tubes containing anhydrous 
phosphoric acid. When two or three litres of the mixture had been driven through 
the tube, the stopcocks at both ends were closed and the mixture fired at a tempera- 
ture of 10° and under the atmospheric pressure. The interval between the spark and 
the rupture of the silver foil was found to be '0291 second, giving a mean velocity of 
3G metres per second. The tube was then heated to 35° by means of warm water in 
the trough, and some more of the same mixture was driven in through the same 
drying tubes. The gases fired at 35° had a mean velocity of explosion of G9 metres 
per second. On recharging the drying tubes with fresh phosphoric acid and repeat- 
ing the experiment at 35° the mean velocity of explosion was found to be 44 metres 
per second. With the same drying tubes as in the last experiment the mean velocity 
at 60° was found to be 53 metres per second. 

When the mixture was made to bubble through two sulphuric acid wash-bottles 
only, a far higher velocity was obtained. At 10° C. the mean velocity was found to be 
119 metres, at 35° C. 103 metres and 102 metres, and at G0°C. 120 metres per second. 

When the mixture was exploded at 10° C. and saturated with steam at that 
temperature a mean velocity of 175 metres was reached. At 10°C., therefore, the 
velocity of explosion of carbonic oxide and oxygen under atmospheric pressure is 
greatest when it is saturated with steam. At 35° C. a similar result was found. 
In three successive experiments the mixture was driven into the warm tube through 
a wash-bottle containing water at G°, 8°, and 12° C. resjectively. The velocity of 
explosion increased with the quantity of steam present. When saturated with steam 
at 35° C. the mixture gave a velocity of 225 metres per second. When the tube was 
heated to 60° C., and the mixture driven in over water at different temperatures, the 
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velocity of explosion increased with the quantity of steam added. When the mixture 
was saturated with steam at 60° C. the mean velocity was 317 metres per second. 
The following table gives the results of these experiments : — 


Table Y. — Mean rate of explosion of carbonic oxide and oxygen through one 
metre with different quantities of aqueous vapour under atmospheric pressure. 


Exploded at 10° C. 

Exploded at 36° C. 

Exploded at 60° C. 

Ilygrometric state. 

1 

Rato in 
metres per 
second. 

Hygromctric state. 

Rate in 
metres per 
second. 

Hygromctric state. 

Rate in 
metres per 
second. 

Dried by passing slowly 

36 

Dried by passing slowly 

44 

Dried by passing slowly 

53 

over fresh P 2 O fl 


over fresh P 2 0 5 


over P 2 0 G used before 




Dried by passing slowly 

G9 





over P 2 0 6 used before 




Dried by bubbling 

119 

Dried by bubbling 

102 

Dried by bubbling 

120 

through two bottles 


through two bottles 


through two bottles 


of H 2 S0 4 


of HjSO, 


of I^SO^ 




n >> 

103 





Saturated at 0° . . . 

129 





>> ... 

123 





Saturated at 8° . . . 

155 

Saturated at 8° . . . 

158 





... 

ICG 

Saturated at 10° . . . 

175 





» ... 

17G 







Saturated at 12° . . . 

200 

Saturated at 12° . . . 

211 



Saturated at 35° . . . 

225 

Saturated at 35°. . . 

244 



n ... 

226 







Saturated at 50° . . . 

289 





Saturated at 60° . . . 

317 


In each series of experiments the initial velocity of explosion of a mixture of 
carbonic oxide and oxygen is seen to increase with successive additions of steam. 
It is this initial velocity with which we have to deal in experiments with an ordinary 
eudiometer. When a mixture composed of two volumes of carbonic oxide and one 
volume of oxygen, saturated with steam at 10°, is exploded under atmospheric 
pressure, the velocity of the explosion increases rapidly from the point of inflam- 
mation. In a tube of 13 millims. diameter and 55 metres long the rate of explosion 
is found to be constant after travelling 700 millims. along the tube ; the constant 
velocity of the “ explosive wave ” attained under these conditions being rather 
over 1500 metres per second. At the extremely high temperature accompanying 
the explosive wave, carbonic oxide is possibly decomposed ; after the explosion the 
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tube is found coated with a very tine layer of carbon. Whether under these con- 
ditions steam is necessary for the propagation of the explosive wave is doubtful, 
it is possible that the initial reaction between the carbonic oxide, steam, and 
oxygen increasing in velocity as the flame travels down the tube, produces at last 
a temperature at which a new reaction is determined. But such conditions do 
not occur in the partial burning of the comparatively short columns of gases that 
have been employed in researches on the incomplete combustion of gases. 

The result of these various experiments may be thus summarised : — 

1. The drier the mixture of carbonic oxide and oxygen, the greater the pressure 
it can withstand without igniting when a spark is passed through it. 

2. The addition of a trace of aqueous vapour to the non-inflammable mixture 
causes it to become inflammable, all other conditions remaining the same. 

3. The addition of a trace of hydrogen or of a volatile body containing hydrogen 
causes the dry mixture to become inflammable, all other conditions remaining the 
same. 

4. The rapidity of explosion of the mixture in a tube one metre long is greater 
with a large quantity of aqueous vapour than when only a trace is present. 

These well-established facts, coupled with the fact that carbonic oxide does de- 
compose steam at a high temperature, appear to me to show conclusively that in 
the ordinary explosion of carbonic oxide and oxygen, the union is not a direct one, 
but is effected indirectly by the agency of hydrogen. 

In a paper on the alkaline peroxides,* the late Sir B. Brodie has thus described 
such an indirect action : — “The alkaline peroxides have a double function, and can 
be used as agents either of oxidation or of reduction. By certain modifications 
of the conditions of the experiment, we can produce separately cither result. It is 
not unreasonable to suppose that, among the numerous and varied forms of chemical 
decomposition, instances would be found in which these phenomena would occur 
simultaneously. If this were to be the case the result would be what is termed 
a contact or catalytic decomposition, but caused by two successive changes of a 
normal chemical character.” 

The action of steam in determining the union of oxygen with carbonic oxide is of 
this kind ; that is to say, when carbonic oxide and oxygen ave exploded in a eudio- 
meter, the heat of the spark causes the carbonic oxide in its immediate neighbourhood 
to decompose the steam usually present, and the hydrogen, liberated by this reaction, 
unites with the oxygen to re-form steam. The steam so formed reacts with more 
carbonic oxide, and so the alternate changes go on until all the carbonic oxide is 
oxidized according to the two equations 

CO + II 2 0 = C0 3 + oil 
2H. 2 + 0 3 = 2 Hot ). 
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Tlie ignition of a mixture of hydrogen and oxygen and of other explosive mixtures by 
an electric spark, may be stopped either by sufficient rarefaction or sufficient dilution 
with a neutral gas such as carbonic acid or nitrogen. Probably, in the first case, the 
mean distance of the molecules is increased to such an extent that the necessary 
molecular disturbance cannot be communicated from molecule to molecule, and the 
combustion is confined to the space between the platinum wires ; in the second case, 
the neutral gas both increases the mean distance of the reacting molecules, and also 
decreases the temperature by absorption of heat. In the reaction under consideration 
— viz., in a mixture of two volumes of carbonic oxide and one of oxygen — although a 
single molecule of water should suffice theoretically for the oxidation of any number of 
carbonic oxide molecules, it is evident that the explosion cannot be propagated unless 
a certain minimum number of steam molecules are present. For when the mean 
distance between the water molecules reaches a certain magnitude, each molecule of 
water becomes surrounded by a crowd of carbonic acid molecules, the product of its 
action on the carbonic oxide and oxygen under the influence of the electric spark ; and 
the incipient combustion dies out, because fresh molecules of carbonic oxide and 
oxygen do not come in contact with it while it has still enough kinetic energy to react 
with them. The slow rate of propagation of explosion in a nearly dry mixture is also 
readily explained. The carbonic oxide molecules have to wait their turn. Though 
probably an enormous number of steam molecules are present in the tube, yet since 
they are comparatively very few, each one must do duty a vast number of times. 
Each steam molecule must in turn present an atom of oxygen to as many molecules 
of carbonic oxide as the number of times the volume of carbonic oxide exceeds the 
volume of the steam. Since each redviction and each oxidation of the oxygen-carrier 
takes time, a given number of carbonic oxide molecules takes longer to burn in presence 
of a comparatively small than in presence of a comparatively large number of steam 
molecules. 


Explosion of dry carbonic oxide and electrolyt ic gas. 

Having determined the action of aqueous vapour on carbonic oxide at high tem- 
peratures, 1 began in Nov., 1876, a second series of experiments with dry carbonic 
oxide and electrolytic gas in a well dried eudiometer. After each explosion the 
residual gas was analysed. Only those experiments were accepted in which the 
residual analysis confirmed the first part of the operation. The gases were exploded 
under pressures varying between 200 millims. and 300 millims., and at temperatures 
between G c and 1 1°. The following table gives the composition of the mixtures and 
the ratio between the carbonic oxide and hydrogen burnt in the several explosions. 
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Table VI. — Explosion of dry carbonic oxide and electrolytic g?is. 



Combustible gases cont ain in 100 vols. 

Ratio of carbonic 

No. 



acid to wo ter formed 



CO- 


Carbonic oxide. 

Hydrogen. 

“HO* 

1 

88 7 

103 

2 07 

2 

81-8 

182 

177 

3 

80-8 

19 2 

102 

4 

78-1 

21*9 

1*29 

5 

770 

22*4 

1 27 

o 

77*4 

22 0 

1 81 

7 

75*8 

24*2 - 

1*08 

8 

75 5 

24*5 

105 

9 

78 4 

200 

■97 

10 

72*6 

274 

loo 

11 

09*8 

807 

71 

12 

18 

OS-9 

007 

81 1 

88*8 

78 

74 

14 

58*5 

40*5 

*42 


While I was making these experiments I heard that Professor Hokstmann, of 
Heidelberg, had already published a paper* in which he had shown that Bunsen’s 
results were vitiated through his having exploded the gases in a eudiometer saturated 
with aqueous vapour. Hohstmann had repeated Bunsen’s ej^periments using a dry 
eudiometer. With all mixtures he found less carbonic oxide and more hydrogen burnt 
than Bunsen found with similar mixtures. lie then made a series with a wet eudio- 
meter and found that when water was present more carbonic oxide and less hydrogen 
was burnt than when the gases were dry. He concluded rightly that some of the 
steam already present was reduced during the explosion by the excess of carbonic 
oxide. He then showed, by making comparative experiments with and without the 
previous addition of carbonic acid, that a similar action takes place between the 
carbonic acid added and the excess of hydrogen. With mixtures of carbonic oxide 
and electrolytic gas, less carbonic oxide and more hydrogen is burnt when carbonic 
acid is added to the mixture before explosion. 

In these experiments Hohstmann proved conclusively that the alteration in the 
proportion of carbonic oxide and hydrogen burnt took place gradually and not 
per sedtum. To compare Horstmann’s results with mine, I have interpolated from the 
curve given in his paper the ratios of carbonic acid to water formed by explosion of 
mixtures of similar composition to mine. These ratios I found to be always smaller 
than those I had obtained. In the last column of the table I have compared in a 
similar way the new set of experiments given by Bunsen* in the second edition of his 
“ Gasometry.” This series was made with dry gases which were exploded by a chain of 
sparks simultaneously sent through the length of the eudiometer. By fusing short 

# Verb, des Heidelb. naturf. mod. Voroins, N.S., I. t 3. 
f Gasometrischc Metboden, IP 5 . Auflage. 1877. 

4 N 2 
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pieces of platinum wire into small glass beads, Bunsen constructed a chain of alternate 
links of metal and glass, each piece of platinum being insulated from its neighbours by 
a glass bead round which the spark passed when the two ends of the chain were 
connected Avith an electrical machine. This chain was fastened to two platinum wires 
fused through the glass near the top and bottom of the eudiometer. The object ot 
this mode of ignition was to prevent the formation of an “air- wave ” down the tube 
and the consequent compression of the still unburnt gases by the expansion of the 
burning gases above. The results obtained in this way by Bunsen agree well with 
those obtained by Horstmann. My experiments show a greater proportion of carbonic 
oxide burnt in every case. 


Table VII. —Explosion of dry carbonic oxide and electrolytic gas. 


No. 

Combustible prases contain in 
1()0 vols. 

Ratio of carbonic acid to water formed — V^" I 

B 2 o 

i 

Carbonic oxide. 

Hydrogen. 

Dixon. 

HORSTMANN. 

Bunsen. 

(new experiments.) 

1 

83*7 

10*3 

207 



2 

81*8 

18*2 

1*77 

rr>2 

, , 

3 

«80*8 

19*2 

1*62 

1*43 


4 

78 1 

21 9 

1*29 

114 

115 

5 

77*0 

22*4 

J 27 

1*09 

1*12 

(> 

77*4 

22*0 

1*31 

1-08 

111 

7 

75*8 

24*2 

1*08 

*95 

101 

8 

75*5 

24*5 

1*0 5 

•94 

•99 

0 

73*4 

20*0 

*97 

*88 

•89 

10 

72*0 

27*4 

100 

*81 

•81 

11 

09*3 

30*7 

*74 

•70 

•74 

12 l 

08*1) 

31*1 

*73 

*69 

•73 

13 j 

00*7 

33*3 

*74 

•03 

•70 

14 

53*5 j 

40*5 

*42 

•41 



j 


. 

. 

1 


The chief differences in the condition of the gases in the three series of experiments 
tabulated above lay in tbe initial pressure under which they were exploded, and in the 
length of the path traversed by the flame from the point of ignition. In my experi- 
ments the pressures were between 200 millims. and 300 millims. ; in Houstmann’s 
experiments the pressures were between 360 millims. and 480 millims. ; and in Bunsen’s 
between 600 millims. and 650 millims. To determine what difference, if any, is pro- 
duced in the division of the oxygen by a variation of (1) the initial pressure, and (2) 
the length of the column of gases along which the explosion is propagated, a 
fresh series of experiments was begun in the autumn of 1877. 
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Experiments on the influence of initial pressure and of the length of the column of the 

gases on the division of the oxygen. 

In the first experiment a mixture of carbonic oxide and electrolytic gas, containing 
70 parts of carbonic oxide to 30 of hydrogen, was exploded in two portions, the first 
under 120 millims. pressure and the second under 400 millims. pressure. In the first 
portion the ratio of carbonic acid to steam produced was 1 - 2, and in the second portion 
•8. A nearly similar mixture was divided into three portions. The first, exploded 

C O 

under 100 millims. pressure, gave 1 '24 for the ratio ^ ; the second, exploded under tho 

same pressure, but only forming a column half as long as the first portion, gave 1 '06 
C 0 

for the ratio ; the third, forming a column equal to the first, but oxploded under 

225 millims. pressure, gave ‘85 for the ratio. 

A set of experiments was then made with different portions of the same mixture 
under nearly constant conditions of temperature and pressure, but with variations in 
the length of the column of exploded gases. 

In these and all the subsequent experiments the following method of drying the 
apparatus, charging the eudiometer and calculating the results, was adopted. The 
whole apparatus being emptied of mercury, air was drawn for twelve hours by a pump 
attached to the top of the barometer, through two long horizontal drying tubes 
charged with oil of vitriol, through a bent tube passing under the morcury in the trough 
and opening into the laboratory tube, thence through the capillary connecting tubes 
down the eudiometer and up the barometer. The taps at the top of the barometer 
and at the bottom of the eudiometer were then closed and the drying tubes were 
attached to the mercury reservoir. Dry air was then drawn for some hours through 
the reservoir and long connecting tube, and up the barometer. The mouth of the 
reservoir being closed, the drying tubes were again connected with the laboratory tube, 
and dry air was drawn through the eudiometer and barometer while the water in the 
jacket surrounding them was heated to 90°-100°C. After some time tho tap at the 
top of the barometer was closed and hot mercury poured into the reservoir. By raising 
the reservoir the hot air in the eudiometer and barometer was expelled. The reservoir 
was lowered until the eudiometer and barometer were empty. As the mercury ran 
down, bubbles of air always rose from the sides of the tubes and from the lower tube 
connected with the reservoir. The lower stopcock being closed the air remaining in 
the laboratory tube was allowed to pass over into the eudiometer, the laboratory tube 
being thus completely filled with dry mercury. The mercury was again run up to tho 
top of the eudiometer and barometer and the air expelled, and once more the mercury 
was run down to extract bubbles of air sticking to the glass. On again running up 
the mercury and letting it overflow from the barometer and eudiometer all traces of 
air were got rid of. The hot water in the jacket was then replaced by a constant 
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current of cold water from the main, running into the cylinder near the bottom and 
being siphoned off at the top. In the experiments made at ordinary temperatures a 
drop of water was drawn into the top of the barometer and the space thus saturated 
with aqueous vapour, while the eudiometer remained dry. On lowering the mercury 
in the two tubes, the level stood lower in the barometer than in the eudiometer by the 
difference of aqueous tension in the two tubes. By comparing this difference with the 
values given in Hegnault’s table for the aqueous tension at the particular temperature 
observed, the dryness of the eudiometer was verified. 

The carbonic oxide was prepared from magnesium formate by the action of sulphuric 
acid. It was passed through a small wash-bottle containing a strong solution of potash, 
thonce through a U-tube containing fragments of caustic potash, and collected over 
hot mercury in cylinders of glass containing phosphoric oxide. As I found that a 
trace of air was always introduced with the sticks of compressed oxide, I allowed the 
gas to stand some time in each cylinder with the oxide, and then poured it away by 
inclining the tube under the surface of mercury, leaving the stick of oxide in the tube. 
The tubes were then filled with the gas used in the experiments, and were used over 
and over again for collecting the gas without being recharged with phosphoric oxide. 
The hydrogen was prepared by the electrolysis of dilute sulphuric acid, an amalgam of 
zinc and mercury being employed for the positive electrode. The gas was collected 
and dried in the same way as the carbonic oxide. The oxygen was prepared by 
heating re-crystallised and well-dried potassic chlorate in a bent tube dipping under 
mercury. The oxygen and the electrolytic gas were collected over mercury and dried 
in the same way. 

After the explosion of the gases and the absorption of carbonic acid formed, the 
residue was exploded with an excess of oxygen, and the contraction on explosion and 
subsequent treatment with pot, ash observed. The two portions of the experiment 
together made a complete analysis of the original mixture, which served to control the 
result of each part of the experiment. In calculating the results, the measurement of 
the gases originally taken and the analysis of the residual mixture were taken to give 
an independent determination of the quantity of each gas burnt in the first explosion, 
and the mean of these two determi nations was taken as the correct number. 

The following table contains the results of the experiments made to tost the effect 
of varying the length of the column of gases exploded: — 


Composition of Mixture. 


Carbonic oxide . . . . 

. . . . 67-10 

Hydrogen 

. . . . 21-91 

Oxygen 

. . . . 1109 


100-00 
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Table VIII. 


•Reference 

number. 

Length of column. 

CO* 
Ratio Hj (j 

Temperature. 

Treasure. 


millima. 


- O. 


1 

200 

1 17 

10 a 

210 

2 

300 

117 

<i-7 

210 

3 

300 

1-10 

II I 

210 

4 : 

400 

121 

10*5 

210 

5 

400 

1*21 

111 

210 

6 

000 

1*24 

10 3 

210 

7 

800 

1:52 

10-3 

200 

8 

400 

l *33 

• 85* 

200 


In this set of experiments the proportion of carbonic oxide burnt gradually 
increases as the length of the path of the explosion is increased. It is evident, 
therefore, that under pressures as low as 200 millims., one of the conditions which 
affects the division of the oxygen is the shape of the vessel containing the gases. In 
the last experiment the gases were fired at a temperature of 85° C. The increase of 
initial temperature acts in the same way as an increase in the length of the columns. 

A second series of experiments was then made with another mixture containing 
equal volumes of carbonic oxide and electrolytic gas. Portions of this mixture were 
exploded alternately at the line 200 in the eudiometer and between the lines 700 and 
800. The pressure in every case was 250 millims., the temperature near 10° O. 

Composition of Mixture. 


Carbonic oxide 49 '60 

Hydrogen 33\52 

Oxygen 1G‘88 


100-00 


Table IX. 


Reference 

number. 

Length 
of column. 

to. 

IUtl ° 1LO 

Temperature. 

Reference 

number. 

Length 
of column. 

„ . CO., 
Ratl ° H s O 

Temperature. 


millima. 


c C. 

! 

millinis. 


C. 

9 

200 

*52 

10*5 

13 

700 

*55 

90 

10 

200 

*58 

10 1 

14 

800 

•54 

10*5 

11 

200 

*53 

9 

15 

750 

*545 

9*5 

12 

200 

*52 

10*5 






200 

Mean *525 



Mean 750 

Mean *545 



* In this and in the subsequent tables each experiment is marked by a “ Reference number.” Under 
the same number in the Appendix the details of that experiment will be found. 
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In this series a slight difference is produced by a change in the length of column. 
The difference is in the same direction, but not so well marked as in the previous 
experiments, in which the mixture was poorer in oxygen and was fired under 
50 millims. less pressure. It seemed likely that with higher initial pressures or 
with more oxygen the difference would disappear altogether. 

To test tins point another mixture was made still richer in electrolytic gas, and 
was exploded alternately near lines 200 and 800 in the eudiometer, under 250 millims. 
pressure and between G°‘7 and 9° C. 

Composition of Mixture. 


Carbonic oxide 41 ‘02 

Hydrogen 39 '28 

Oxygen 19 '70 


100-00 

Table X.— At 250 millims. pressure. 

Temperature. 

° C 
9V 
7*4 
7*9 
0*7 


Reference 

No. 

Length of column. 

u .. co 3 
KaUo ni 


millims. 


1 G 

2U0 

•89 

17 ! 

200 

*885 

18 

800 

*885 

19 j 

800 

•89 


These experiments show that with mixtures containing 20 per cent, of oxygen under 
250 millims. pressure, the division of the oxygen is independent of changes in the 
length of the column of gases. But with a lower initial pressure, this mixture is 
susceptible to an alteration in the length of column, as is shown by the following ex- 
periments : — A portion of the mixture was exploded under 100 millims. pressure, at 
the line 300 ; and a second portion was exploded under 100 millims. pressure, at the 
line 800. 


Table XI. — At 100 millims. pressure. 


Reference 

No. 

Leng h of column. 

Ratio f, 0 - 
H.O 

Temperature, 


millims. 


° e. 

20 

300 

•42 

8*0 

21 

800 

•45 I 

9*8 


It appears from these series of experiments that for a given mixture of carbonic 
oxide and electrolytic gas, a change in the length of column causes an alteration in the 
division of the oxygen between the combustible gases so long as the pressure is kept 
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below a certain limit. The lower the pressure below this limit the greater is the 
change produced. The limit varies with different mixtures : when a small percentage of 
oxygen is present the limit is higher than when the mixture is richer in oxygen. With 
pressures in excess of this limit no alteration is produced in the division of the oxygen 
by changes in the length of the column. 

To determine what is the effect produced by a change of initial pressure alone on 
the proportion of carbonic oxide and oxygen burnt with the same length of column 
and at the same temperature, a series of experiments was made with portions of one 
mixture, starting at the lowest pressure at which the explosion was propagated, and 
increasing the pressure up to 600 millitnB. 

Composition of mixture. 


Carbonic oxide 

. . . . 61-64 

Hydrogen 

. . . . 25*50 

Oxygen 

. . . . 12-86 


100-00 


This mixture would not explode under 50 milliins. or under 60 millims. pressure. 
It exploded under a pressure of 75 millims. 


Tabus XII. — Experiments at different pressures. Length of column =450 millims. 


Refi ronco 
No. 

Pro ssures. 

Ratio „ Jy 

Temperature. 

. . _ 

millims. 

iuj _ 

o 0 

22 

75 

1*27 

0*5 

h 

loo 

1*21 

5G 

24 

125 

1*01 

(P4 

25 

150 

*95 

tv 5 

2t> 

200 

•(>2 

58 

2 7 1 

300 

•85 

<>•9 

28 

425 

•8L 

7*0 

29 1 

! 1 

600 

! 

•82 

(>4 


From this table it appears that, as the pressure is increased, less carbonic oxide and 
more hydrogen is burnt until a pressure of about 400 millims. is reached, after which 
a further increase of pressure makes no difference in the division of the oxygen. To 
establish this important point more surely, a second series of experiments was per- 
formed in a similar way. Different portions of a mixture were exploded between the 
lines 400 and 500 on the eudiometer, under pressures varying from 75 millims. to 
1000 millims. 


4 o 
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Composition of mixture. 


Carbonic oxide G3*31 

Hydrogen 24 ’40 

Oxygen 1 2*2i> 


100-00 

Kxperiments at different pressures. Length of column =450 millitns. 


Table XIII. — Pressure 75 millirns. 





- - - 

Reference 

I No. 

Pressure. 

„ ■ CO. 

1{al ’° 11,0 

J Temperature. 


millimn. 


l ' V. 

30 

75 

1-30 

157 

31 


7 4(> 

10 0 

32 

, , 

1*43 

15 0 

33 

i i 

7 38 

143 

34 1 

f'f 

1 *45 

14 0 

35 | 


1-30 

13*2 

:u\ \ 

11 

1 35 

14-2 

37 I 

j 

11 

1-37 

14*5 


76 j 

Moan 1 395 j 


\ i 

I 

1 



Table XIY. — Pressure 100 millims. 


Reference 

No. 

Pressure. 

„ . CO. 

R«t.o Ha - 

Temperature. 


inillimB. 


° V. 

38 

loo 

1-40 

144 

39 

71 

1 42 


40 

n 

1*39 

14-S 


100 

Mean 1*403 



Table XV. — Pressure 125 millims. 


Reference 

No. 

Prep sure. 

r> . CO, 

B * H0 h.;o 

Temperature. 

41 

millims. 

125 

1 10 

_ 

° C. ' 

14 9 

42 

» 

115 

14*9 


125 

Mean 11? 
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Table XVI. — Pressures from 75 millims. to 1000 millims. 


Reference 

No. 

Pressure. 

„ • 00 2 

Ratio ^ 

Temperature. 


millims. 


°C. 


75 

mean 1395 



100 

mran 1403 



125 

mnm 117 


43 

150 

T07 

15 1 

44 

1 75 

103 

15-2 

45 

200 

*99 

151 

4(> 

250 

•94 

15 0 

47 

300 

•92 

117 

48 

400 

•91 

15*3 

49 

700 

•90 

149 

50 

1000 

•90 

15 7 


Under very small pressures considerable differences were found in tbe ratio C( ) 3 : ILO, 
in several experiments repeated under the same conditions. Thus under 75 millims. 
pressure this ratio was found to vary from 1'35 to 1 '40 in eight experiments. These 
discrepancies may partly be accounted for by errors of manipulation, for on the very 
small masses of gases employed at this pressure, the error of experiment becomes 
serious. If the mean value of the ratios found in the several experiments made at 
the lower pressures be taken as correct, vve see that the ratio rises very slightly as the 
pressure is increased from 75 millims. to 100 millims., and then falls abruptly as the 
pressure is increased to 150 millims., after which the fall is more gradual, until at about 
400 millims. the ratio becomes constant. This result entirely confirms the previous 
series of experiments, and proves that for a mixture of carbonic oxide and electrolytic 
gas containing 12 per cent, of oxygen, there is a “ critical pressure ; ” below this critical 
pressure alterations of pressure affect the division of the oxygen, above it alterations of 
pi'essure have no effect. 

In working at low pressures, therefore, there are two sources of variation to be taken 
into account : one springing from changes of pressure, the other from changes in the 
length of the column of gases exploded. 

We have seen above that changes in the length of the column cease to have any 
effect on the ratio of the products of combustion, when a mixture containing 19 per 
cent, of oxygen is exploded under a pressure only as high as 250 millims. The 
question arises, what is the “ critical pressure ” for such a mixture? To determine this 
point a series of experiments was made at different pressures with a mixture of the 
following composition. 

Composition of Mixture. 


Carbonic oxide 5 8 '4 7 

Hydrogen 22*54 

Oxygen 18 '9 9 


4 o 2 


10000 
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Table XVII. — Length of column = 400 millims. 


Reference 

No. 

Pressure. 

r, . C0 2 

Rat, ° JI X) 

Temperature. 


minima. 


° C. 

51 

75 

1 -54 

18*8 

52 

1(H) 

1*40 

18 2 

5:* 

125 

1*20 

lt>*2 

54 

200 

119 

V>(\ 

55 

j 400 

1*19 

127 

50 

500 j 

119 

8*8 


For a mixture containing 19 per cent, of oxygen the critical pressure is about 
200 millims. Now since a mixture containing 19 per cent, of oxygen was found to be 
unaffected by changes in the length of column under 250 millims. pressure, it seemed 
likely that in other mixtures changes in the length of column would cease to affect the 
division of the oxygen as soon as the critical pressure was reached. The critical 
pressure for the mixture containing 12 per cent, of oxygen is 400 millims. The 
following experiments with some of this same mixture show that at this and higher 
pressures changes in the length of column have no effect. 


Table XVIII. — Pressure = 400 millims. 


Reference 

No. 

Length of 
Column. 

„ • C0 2 
Rut.0 H 0 

Temperature 


milliuiH. 


° C. 

57 

200 

•905 

12 

58 

200 

•88 

95 

48 

450 

•91 

i 

15*2 


Table XIX. — Pressure = 1000 millims. 


Reference 

No. 

Length of 
Columu. 

„ CO, 

Ratio H/} 

Temperature. 


millims. 


° c. 

59 

loo 

•89 

10*4 

00 

100 

•92 

12*9 

50 

450 

*90 

157 


T1 ie critical pressure of a mixture may therefore be defined as the lowest pressure 
at which any further increase of pressure or any change in the length of the column of 
exploded gases ceases to affect the ratio of the products of combustion. The critical 
pressure is lowered as the quantity of oxygen in the mixture increases. 

These facts account for the agreement of Houstmann’s first series of experiments 
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and those made by Bunsen with his chain of sparks given in Table VII. Although 
the path traversed by each flame from the point of ignition is very small in Bunsen’s 
experiments compared with Horstmann’s, yet since the pressures employed by both 
experimenters were near to or above the critical pressures of the mixtures exploded, 
this great difference in the length of column had no effect on the division of the 
oxygen. The same facts also account for the disagreement between my experiments and 
those of Bunsen and Horstmann. For since the first ten experiments in my series 
were made at pressures below the critical pressure of the respective mixtures, both the 
lower pressure and the longer column increase the proportion of carbonic oxide burnt. 
In the four last experiments of this series the increase in the quantity of oxygen 
taken brings the critical pressure below the pressure employed. The results are in 
close accordance with those of Bunsen and Horstmann. 

A third series of pressure experiments was next made with a mixture containing 
only 8 per cent, of oxygen. 

Composition of Mixture. 


Carbonic oxide 06 28 

Hydrogen 25 'GG 

Oxygen 8'0G 


10000 

This mixture would not explode under 100 millims. pressure. It exploded under 
125 millims. 


Table XX. — Length of column = 400 millims. 


i .Reference 
JNo. 

Pressure. 

CO, 

ILO 

Temperature. 

61 

millims. 

125 

1 -02 

u C. 

1 1 3 

62 

150 

] 'OH 

11*2 

63 

175 

1*09 

11-2 

64 

200 

1 1 09 

125 

65 

250 

109 

7-8 

66 

300 

104 

8-G 

67 

400 

1-03 

14-5 

68 

000 

1*00 

124 

69 

1000 

*98 

100 


In this series the proportion of carbonic oxide burnt increases at first with increase 
of pressure, reaches a maximum, and then falls continually. No critical pressure 
appeared to be reached as far as the pressure was pushed. If the critical pressure 
for a mixture containing only 8 per cent, of oxygen is above 1000 millims., it follows 
that under this pressure a change in the length of column will affect the division of 
the oxgyen. The following experiments, in which some of the same mixture was 
exploded under 1000 millims. with a short column, prove this to be the case. 
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Table XXI. — Pressure = 1000 millims. 


Reference 

No. 

Length of 
Column. 

Ratio C ° 5 

H,0 

Temperature. 


miilims. 


' c. 

70 

25 

■90 

8-0 

71 

50 

•91 

8-4 

69 

400 

! 

•98 

10-0 


As the general result of these pressure experiments, it appeared that the law of mass 
might be tested by the incomplete combustions of carbonic oxide and hydrogen, pro- 
vided that each mixture of gases was exploded above its critical pressure. It will, 
perhaps, be most convenient, before proceeding to describe the experiments made with 
this view, to give here an account of Horstmann ’ s second paper, which advanced the 
inquiry another stage. 

IIorstmann’s experiments. 

Horstmann* having shown that no sudden alterations occur in the ratio of carbonic 
acid and water produced by the combustion of carbonic oxide and electrolytic gas 
mixed in various proportions, and that Bunsen’s earlier experiments were vitiated 
by the presence of varying proportions of aqueous vapour in the eudiometer, proceeded 
to repeat v. Meyer’s experiments, in which mixtures of carbonic oxide and hydrogen 
were exploded with successively increasing quantities of oxygen. 

Horstmann found in these experiments that, for a given mixture of carbonic oxide 
and hydrogen, the proportion of carbonic acid formed gradually diminishes at first with 
increase of oxygen, reaches a minimum when between 30 and 40 per cent, of the com- 
bustible gases is burnt, and then gradually increases towards the limit that would be 
reached if all the gases are burnt. Nowhere did he find any alteration per saltvm in 
the proportion of the products of combustion. But an examination of the numbers 
given by these experiments led Horstmann to detect a remarkable relation between 
the ratio of the unburnt carbonic oxide to the unburnt hydrogen, and the ratio of the 
burnt carbonic oxide to the burnt hydrogen. He found that when mixtures of car- 
bonic oxide and hydrogen in any proportions are exploded with the same quantity of 
oxygen, the ratio between the quantities of the two gases burnt is proportional to the 
ratio between the quantities of the two gases left unburnt. Thus, if A and B are the 
quantities of carbonic oxide and hydrogen in any mixture exploded with a certain 
quantity of oxygen, then the quantity of carbonic acid formed (a) and the quantity of 
steam formed (b) are given by the equation 

A — a a 

B -b ~b'* K 

where k is a constant depending on the quantity of oxygen taken. 

* Vorh. des Heidelb. naturf. med. Vereius., N.S. II., 1 ; Lie big’s Animlcn, 190-228. 



IN OASES: HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 655 

Hobstmann states his results in the following way : “ The law by which the division 
of the oxygen between the combustible gases is governed, can be expressed as follows : 
The ratio of the resulting water-vapour to the resulting carbonic acid is equal to the 
ratio of the unburnt hydrogen, to the unburnt carbonic oxide, multiplied by a ‘ coefficient 
of affinity,' which is independent of the proportion of the combustible gases, but which 
changes with the relative mass of the oxygen added.” With equal quantities of oxygen 
the “ coefficient of affinity ” remains constant, not only when the ratio of the hydrogen 
to the carbonic oxide is altered, but also when the unburnt portion of the combustible 
gases is replaced, entirely or in part, by an indifferent gas of' a similar physical con- 
stitution, such as nitrogen. 

The numbers from which Horstmaxn deduces this law are only fairly concordant. 
From the ten series of experiments made with different mixtures I have placed together, 
for the purpose of comparison, those in which nearly equal proportions of oxygen 
were taken. The first series, which Houstmann regards as incorrect, is omitted. In 
the following table the mean ratio of the oxygen to the combustible gases, the compo- 
sition of the mixtures, the percentage burnt, and the “ coefficient of affinity ” calculated 
from these experiments are given. 


Table XXII. — Hoiiktm Ann’s Experiments. 


Mean ratio of 
oxygen to 
combustible gases. 

0*:(li a + C0). 

Ratio of combustible 
gases before explosion. 
H,, : CO. 

Percentage of 
combustible gases 
burnt. 

Coefficient of 
affinity. 

•“ i 


*3048 

22*0 

4-80 


•G142 

22*0 

3*81 



•3048 

251 

4-28 

*127 < 


*0142 

25*8 

4*43 


1 *2035 

257 

4-48 



1 0392 

24*9 

4*78 

102 


*9061 

38-4 

0*35 


3*0308 

38*4 

5*44 


r 

*9001 

48*0 

5*94 



1*0392 

48*5 

5*92 



1*2035 

48*7 

5*47 

*24,5 -j 


3*0308 

48*9 

5*80 



*0142 

49*4 

603 



*7247 

49*7 

5*07 


l 

*3048 

49*8 

5*25 

I 

r 

*9001 

52*2 

5*09 

*208 < 

i 

1*2035 

53*9 

5*85 

i 

3*0308 

547 

4*80 



•9001 

03*3 

5*34 

•320 < 


3*0308 

03*8 

4*91 


•3493 

04*1 

5 00 



1 *3048 

0**3 

417 
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A glance at the last column in this table shows that for equal quantities of oxygen, 
Horstmann’s coefficient of affinity is fairly constant : in the third, fifth, and sixth 
sets the extreme values differ by about 20 per cent. ; the other sets show a better 
agreement. 

In a later paper Horstmann gives the following table of the coefficients of affinity 
corresponding to different percentages of the combustible gases burnt. 

Table XXIII. — Horstmann’s new table of coefficients. 


Percentage of combustible 
gases burnt. 

Coefficient of affinity. 

15 

2*08 

20 

H*8 

25 

4 83 

HO 

565 

H5 

GIG 

40 ! 

GH5 

45 

0*12 

50 ' 

5 88 

55 

5*G4 

GO 

5*H8 

G 5 

511 

70 

4*85 

! 


The alteration in the coefficient of affinity, with increase of oxygen, Horstmann 
attributes (1) to the increased temperature of combustion, and (2) to the alteration 
of pressure and physical characteristics of the whole mixture produced by the combus- 
tion. He was led to this conclusion by the following experiments : Different mix- 
tures of hydrogen and carbonic oxide were exploded with air. In each experiment, 
therefore, a certain quantity of nitrogen was present. The “ coefficients of affinity ” 
were found to agree approximately with those previously obtained in explosions with 
mixtures containing the same percentage of oxygen, and not with mixtures containing 
the same relative proportion of oxygen and combustible gases. 

For instance, 100 volumes of carbonic oxide and hydrogen were mixed with 76 
volumes of air containing 16 volumes of oxygen. In the explosion, therefore, 32 per 
cent, of the combustible gases is burnt, but only 20 per cent, of the mixture of carbonic 
oxide, hydrogen, and nitrogen. From the previous experiments the coefficient of 
affinity corresponding to a combustion of 32 per cent, is 5'9, and for a combustion 
of 20 per cent, it is 4’0. The coefficient found is 3 '7. 
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Table XXIV. 


Volume of nitrogen 

Volume of burnt gam 8 

Coefficient, of affinity. 


added to 100 volume** 

in M»0 volumes of 




of carbonic oxide 

carbonic oxide. 




and hydrogen. 

hydrogen and nitrogen. 

Found. 

Calcul tted. 


00 

20 

3 7 

4*0 


75 

113 

23 

28 

4 3 

5*1 

4*4 

5*3 

70 

22 

4-4 

4*3 

il '|" : 

00 

25 

5*2 

4*7 

115 

28 

5-8 j 

! 5*2 

J 1 

50 

20 ! 

3*7 

3 0 ! 

n 

SO 

i 

4 7 

4*5 

1 H, 

r co - 

00 

114 

20 

2S 

4*8 

G*2 

4*9 

5*2 

125 

30 

5*3 

5*3 

j 


These coincidences, Uorstmann considers, prove that the presence of the nitrogen 
affects the coefficient in the same way as the presence of an equal quantity of 
carbonic oxide or hydrogen, and point to the conclusion that the constancy of the co- 
efficient of affinity in the different experiments depends upon a similarity of 'physical 
conditions . 

In two later papers Hoiistmann* has shown that when carbonic acid is added to 
the mixture previous to explosion, more hydrogen and less carbonic oxide is burnt 
than when the mixture is fired without carbonic acid. When a mixture of carbonic 1 , 
acid and hydrogen is exploded with insufficient oxygen to burn all the hydrogen some 
of the carbonic acid is reduced to carbonic oxide. 

The influence of carbonic acid, lie says, is not the same as that of nitrogen, 
but resembles it ; direct experiments show that it is impossible to replace the excess 
of combustible gases in part by carbonic acid, without altering the coefficient of 
affinity. Carbonic acid, which has a higher specific heat than the simpler gases, pro- 
duces a greater effect than an equal volume of nitrogen, hydrogen* or carbonic oxide. 
This fact confirms the earlier conclusion that the coefficient not only depends upon the 
percentage of oxygen, but also on the temperature of combustion. Steam acts in 
a manner analogous to carbonic acid. Such are Hoiistmann’s conclusions as to the 
function of inert gases in the explosive mixture. But in one paragraph he views the 
reaction in a different light : — 

u The burning appears as a preliminary of secondary importance, through which are 
established the conditions antecedent to the reactions coming particularly into con- 
sideration. The chemical equilibrium's brought about by the two reciprocal trans- 
formations between carbonic acid and hydrogen on the one hand, and carbonic oxide 

* Ber. Deut. Ch. Gc-s., x., 1028 ; xii., G4. 
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and steam on the other, which can take place at the high temperature produced by 
the combustion.” 

This view of the final result of the reaction, which appears to me to be substantially 
correct, seems difficult to reconcile with Horstmann’s previous conclusions as to the 
function of nitrogen and carbonic acid in the explosive mixture. For if the final result 
depends upon an equilibrium being established between the reduction of the carbonic 
acid by the hydrogen and the oxidation of the carbonic oxide by the steam, how is it 
possible for nitrogen to take the place, and play the part, of an equal quantity of 
hydrogen or carbonic oxide ? 

The following is IIorstmann ’s conclusions with regard to the variation of the 
coefficient with the percentage of oxygen taken : — 

“ The coefficient is probably dependent alone upon the temperature. The influence of 
the temperature is of a complicated kind. A portion of the carbonic acid and steam is 
dissociated at the temperature reached. As the temperature sinks, the equilibrium 
alters with it. The composition of the mixture corresponds therefore to an equilibrium 
for some unknown middle value botween the temperature of combustion, which varies 
with the composition of the mixture, and the lower limit of temperature, at which 
the mutual action of the gases is just possible. This lower limit of temperature is 
the same with all mixtures.” 

From his latest experiments (not yet published) IIorstmann concludes that the 
values of the coefficient, which by the earlier experiments fell between 4 and 7, may 
be much lower at low temperatures : for the lowest temperatures even less than 1. 
This shows that, contrary to what is found at high temperatures, the affinity of 
oxygen for carbonic oxide at low temperatures is greater than for hydrogen ; a result 
which confirms the statement of E. von Meyer that in the slow combustion effected 
by platinum at ordinary temperatures more carbonic oxide is burnt than hydrogen. 

I shall show later that the proportionality discovered by Horstmann between the 
r atios of the unburnt gases and the products of combustion is a fact independent of 
the percentage of combustible gases burnt, and dependent only on the conditions (1) 
that a sufficiently high temperature should be reached in the explosion, (2) that none 
of the reacting molecules should be withdrawn from the sphere of action during the 
chemical change, and (3) that no indifferent gas should be present. 

Experiments with dry gases above the critical pressure. 

To test the accuracy of Horstmann’s conclusions, the following experiments were 
made with dry gases exploded at high pressures. A dry mixture of carbonic oxide 
and oxygen aud a dry mixture of hydrogen and oxygen, each containing 12 - 4 per 
cent, of oxygen, were made. Varying proportions of each of these mixtures were 
brought together in the eudiometer and exploded under 1000 millims. pressure. In 
these experiments the ratio of carbonic oxide and hydrogen is varied ; about 12‘4 
per cent, of oxygen is employed in each case ; and the pressure is such that no 
increase of jnessure or variation in the length of column makes any difference in 
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the result. For the purpose of comparing the experiments one with the other, the 
volume of the combustible gases before the explosion is taken as 100 in each case; 
then the volumes of gases left unburnt and the volume of the burnt gases 
together make up 100 # Tn the following table these volumes are given in 
separate columns. In the first column is given the “ reference number,”* in the second 
the temperature of the mixture before explosion. 


Table XX Y. — Pressure = 1000 millims. 




Before Explosion. 


After Explosion. 



Reference 

No. 










Temp. 


Carl.omc 

oxide. 






a. 



Oxygen. 

Hydrogen. 

.CO. 

CO... 

11,. 

ii .0. 



f C 









72 

140 

14*0 

13-40 

80*54 

12*33 

1*13 

50 72 

20, -82 

4*00 

73 

144 

141 

30*13 

(>!»'K7 

27 14 

2*00 

44* ( >3 

25*24 

5 14 

74 

1 5 2 

14 1 

4o-03 

50*37 

.■{(for 

4*5(1 

35*00 

23*71 

5*20 

7o 

13 (5 

14 2 

52*40 

47*54 

4.v:;i 

7*15 

2«'»*28 

21*20 

5 13 

70 

134 

14*25 

00-34. 

0t; 

r>r*-o4 

11-30 

10 42 

17*21. 

5*11 

77 

14*7 

14*25 

77*57 

U2 4:5 

oi-:i!i 

1(1*18 

l()*O0 

12 37 

4*70 

78 

15*0 

1425 

83* 0C 

10-40 

04-5H 

10*02 

0*01 

0*40 

4 07 

1 


14*5 Mean temp. 





Mean coefficient. 5*00 


Of the four reactions, namely, the two direct reactions symbolised by the equations 

(1) 2 IP + O a = 2 HoO 

(2) 2 CO + O, = 2 C0 2 

and the two indirect reactions symbolised by the equations 

(3) 1LO + CO = Ho+COo 

(4) H* 4- CO* = H 2 0 + CO 

It has been shown that both the indirect and only one of the direct actions actually 
occur under the conditions of the experiments. Mr. Esson, 4 * who discussed the results 
of these experiments, found that the numbers obtained agree with the theory that the 
final division of the oxygen depends upon an equilibrium being established between the 
two reverse changes 3 and 4. The quantities found in these experiments satisfy the 
equation 

7f x h _ 
k x h' a 

where h and h r represent the volumes, or the number of molecules, of steam and 
hydrogen remaining at the end of the reaction, and k' and k represent the number of 
molecules of carbonic oxide and carbonic acid remaining at the end of the reaction. 
The product of the steam and, carbonic oxide molecules bears a constant ratio to the 
product of the hydrogen and carbonic acid molecules. Each experiment gives a value 

# Vide Mr. Esron’h Note at the end of thin paper. 
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for a. These values are given in the last colutnn of the table. The mean of the seven 
experiments gives a=5. From this mean value the quantity of hydrogen and 
carbonic oxide burnt in any given mixture can be calculated. In the following table 
the quantities of hydrogen burnt, calculated for the mixtures employed in these 
experiments, are compared with those actually observed. 

Table XXVI. — Volume of hydrogen burnt. 


K *ferenoe 

No. 

Calculated. 

Olmei vcdL 

78 

0-7 

1*5 

77 

. u :<> 

1 2*4t 

75 

17 1 

172 

75 

215 

21*5 1 

n 

2 15 

257 1 

75 

25*2 

25 2 ) 

75 

25 9 

25*8 


According to this theory, the chemical changes vary as the explosion proceeds. 
Ihe explosion starts with the direct union of oxygen and hydrogen, the change 
proceeding until all the oxygen is converted into steam, according to equation (I) ; as 
soon as steam is formed by this union it begins to oxidize the carbonic acid, according 
to equation (-i) ; the carbonic acid so produced is in turn reduced to carbonic oxide by 
free hydrogen, according to equation (4). The heat developed by the direct union of 
the oxygen and hydrogen raises the whole body of the gases to incandescence. After 
all the oxygen is converted into steam, four gases remain at a high temperature — 
hydrogen and steam, carbonic oxide and carbonic acid. Of these four gases, one pair, 
hydrogen and carbonic acid, react at the high temperature to form the other pair, 
steam and carbonic oxide ; but steam and carbonic oxide themselves react to form the 
first pair, hydrogen and carbonic acid, so that two reverse changes take place 
simultaneously in the mixture. The quantity of each pair present at any moment 
during the reaction depends on the relative rates at which the two changes proceed. 
Possibly those rates may vary with the temperature as the whole body of gases cools 
down. The quantities actually measured are those in equilibrium at the moment the 
gases cool to the temperature at which the reaction ceases. But since in the fall from 
the highest temperature reached in any explosion to the lowest at which reaction 
occurs there is a large range of cooling common to all the experiments, the relative 
rate of the two changes observed is in all cases that which is found under similar 
conditions of temperature. 

According to Hobstmann the coefficient varies with the proportion of oxygen 
employed, at first increasing with the increase of oxygen, reaching a maximum when 
from 15 to 20 volumes of oxygen are mixed with 100 of the combustible gases, and 
finally diminishing gradually as the oxygen is increased beyond this point. The 
volume of oxygen added to 100 volumes of the combustible gases was 14 2 in 
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my experiments. The number found («== 5) is considerably below the maximum 
observed by Horstmann. To observe tho effect of an increase of oxygen, a second 
series of experiments was made similar in all respects to the first, but with 17’7 
volumes of oxygen instead of 14'2 added to 100 volumes of the combustible gases. 
The gases were exploded under 1000 millims. pressure in each experiment. 


Table XXV II. 




Before the explosion. 



Reference 

Temperature. 




Coefficient a. 

No. 






Oxygen. 

Carbonic oxide. -■ 

Hydrogen. 



0 C. 





79 

13*4 

177 

87!) ! 

10 1 

4*8 

80 

13-4 


7U-8 

20 2 

r>*o 

81 

12*0 


78*2 

21 8 

4*9 

82 

13*0 

ii 

08*7 : 

31*3 

5*3 

83 

13*0 

11 

45*4 j 

54*0 

5*2 

84 

13*2 

. 

35*9 

04* L 

i r>*2 

8r> 

13*7 


1.V8 

84*2 

5*0 


Mean 13 3 


i 

Mean 5*00 


These experiments entirely confirm the previous series ; the proportion of gases 
burnt is expressed by the equation 

k! X /)_ 

k x hi a 

and tho mean value of a closely approximates to the value previously found. No 
appreciable rise in the coefficient is produced by increasing the amount of oxygen from 
1 4’2 to 1 7 '7 volumes. These experiments are therefore at variance with Horstmann’s 
conclusion. 

To test this point further a mixture was made containing 1 5 '9 vols. of oxygen to 
100 volumes of the combustible gases. Two experiments were made with portions of 
this mixture ; then more oxygen was added to the remainder and two more experiments 
made. 

Table XXVIII. — Pressure = 1000 millims. 


Reference 

No. 

Temperature. 

Before the explosion. 

Coefficient a. 

Oxygen. 

Carbonic oxide. 

Hydrogen. 


0 C. 





80 

0*7 

159 

732 

20*8 

5*7 

87 

8*9 

ii 

11 

ii 

50 

88 

8*8 

24*3 

73-2 

26*8 

5*6 

89 

8*0 

! 

11 

ii 

5-: 


Mean 81 

1 

1 


. 

Mean 5*G 
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No difference was found in the coefficient whether 15 - 9 or 24 3 volumes of oxygen 
were used, but the mean value of the coefficient in these four experiments was 
appreciably higher than in the two previous series, which gave 5 for the value of a 
both with 14 *2 and 177 volumes of oxygen. Apart from the variation of the oxygen, 
the only other difference between these and the previous experiments was a small 
difference in temperature amounting to some five or six degrees. In the first series 
the gases were exploded at a mean temperature of 14°'5, in the second series at a mean 
temperature of 13°*3, and in the last four experiments at a mean temperature of 8 0, 1. 
On calculating out the coefficient a from Bunsen’s later experiments,* and omitting 
the first as being below the critical pressure, its mean value is found to be 5'8 for a 
mean temperature of 7°‘2. 


Table XXIX. — Bunsen’s experiments with dry gases. 


Temperature. 

Oxygen. 

: 

Carbonic oxide. 

Hydrogen. 

Coefficient 

a. 


°C. 







10*3 

107 

78-0 

21*4 

4*9 



4 0 

12 5 

7 41) 

251 

5*tP 



5-3 

14*5 

709 

2181 

5-8 


- 

7*3 

141 

71 8 

28*2 

6-2 ! 

* 


87 

! lr 

601 

331) 

6-0 

i 

Lio- 

207 

5 8 5 

41 5 

5*5 J 


Mean 7' 2 




Mean 5*8 






__ 






Here a high value for the coefficient is also accompanied by a low temperature. It 
appeared possible then that a variation of a few degrees in the temperature of the 
gases before the explosion might materially alter the result. A few experiments 
showed this to be the case. 

Experiments on the influence of initial temperature. 

Portions of a mixture of the dry gases were exploded successively under 1000 
millims. pressure at different temperatures. In the first two experiments the 
eudiometer was cooled down by placing ice water in the jacket, in the other experi- 
ments the eudiometer was warmed by hot water. 

The mixture was of the following composition : 


Carbonic oxide 70'8 

Hydrogen 29'2 


100 0 

Oxygen added . . 16'8 


* “ Gusornctrisclie Method on, II tp Auflage.” 
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Table XXX. — Pressure = 1000 millims. 


Reference 

No. 

Before the explosion. 


After the explosion. 



Cueftii'ient 








Temperature 

Oxygen. 

Cat bon ic 
oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 


a. 









0 C. 


90 

16*8 

70*8 

29*2 

r>5-3 

155 

113 

18-0 

a 

57 

91 




549 

ivy 

117 

17-6 

19 

52 

92 

>> 

»» 

i 

54-8 

161 

1 1*8 

173 

20 

5 0 

93 

»» 


>> 

53*9 

16-9 

121 

17-1 

40 

4\*> 

94 

1> 

j) 

1 ” 

531 

177 

128 

16'3 

(50 

3-8 


These experiments show that a small change of initial temperature makes a very 
considerable difference in the division of the oxygen. To carry the range of temperature 
further, portions of a similar mixture were exploded under 1000 millims. pressure at 
temperatures ranging from — 10° to 120° C. 


Table XXXI. 



Before the explosion. 


After the 

cxplosi< >u. 




Beferenec 

No. 

Oxygen. 

Carlonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Temperature. 

a. 

95 

17-5 

733 

20 7 

50*3 

| 17 0 

8*0 

18*1 

° C. 

-10 

1 7*0 

90 


9 J 


540 

19 3 

11*2 

15*5 I 

00 

! 3*9 

97 

i 

1 J 

»> 

53*0 

! 197 

I 11*4 

15*3 

80 

3*7 

98 

1 

• » 

9 9 

53 7 

| 1W6 

i 11*4 

15 2 

100 

37 

99 

! 1 70 , 

73*4 

20-6 

53*0 

! 19-9 

1 H-4 

15*3 j 

! 120 

37 

t 


In the last two experiments the eudiometer was heated by hot glycerin in the jacket. 

These additional experiments confirm the previous series ; a change of initial tem- 
perature greatly influences the division of the oxygen. But they also bring to light a 
very important fact. The coefficient of affinity does not materially alter when the 
temperature is raised from 60° to 120°. The coefficient found at these two tem- 
peratures in the second series is also the same as that found at 60° in the first series. 
The two sets together show a progressive diminution of the coefficient as the tem- 
perature is raised from — 10° to 60° and a nearly constant value between 60° and 120°. 

Another mixture was now made containing about three times as much hydrogen as 
carbonic oxide ; portions of this mixture were exploded successively under 1000 millims. 
pressure at 0°, 70°, 80° and 100°. A nearly similar mixture was exploded at 125°. 
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Table XXX II. 


1 

' — ■ ~~ 

~~ — ~ ~ 








1 

Before the explosion. 


After the 

explosion. 




Reference 

So. 








Temperature. 









a. 

Oxygen. 

Carbonic 

oxkIc. 

Hydrogen. 

C trbonic 
oxide. 

Carbonic 

acid. 

liydr. g<Hi. 

Steam. 











' c 


100 

] 7*3 

24 

70 

21*4 

2*0 

44*1 

51 *9 

0 

5*9 

101 

• 5 


1 1 

20*5 

3*4 

447 

:n-3 

70 

4*2 

102 

11 

11 

1 1 

20*4 

3*5 

44 7 

31*3 

80 

4*0 

103 




20*4 

3*0 

44*4 

31 *0 

100 

4*0 

104 

15*9 

24*5 ! 

! 

755 

21*2 

3*3 

47*0 

l 

28*5 

125 

4*0 


Between 0° and 70° a Large fall of the coefficient occurs ; between 70° and 80° there 
is a slight fall ; from 80° to 125° it remains constant. The high temperature constant 
with this mixture is rather higher than with mixtures containing excess of carbonic 
oxide. 

A fourth mixture, containing about ecjuul volumes of carbonic oxide and hydrogen, 
was next exploded at 70°, 80°, and ] 20° under 1000 millims. pressure. For the purpose 
of comparison an experiment previously made with a nearly similar mixture at 14° is 
included in the table. 


Table XXXIII. 



Before the explosion. 


After the cxplo ion. 




Kcfcronce 

1 .No. 

i 

i 




— 

-- 


— ~ * 

1 

Tom per. tu re. 

»• 


Hydrogen. 

Carbonic 

oxidd. 

Carbonic 

acid. 

Iljdrogon. 

Steam. 










° C. 

i 

1 *■» K 

i /•> 

14*2 : 52*5 

47*5 

45*3 

7*2 

20*3 

21*3 

11 

5 1 ; 

| 105 

15*4 ! 517 

4h:I 

427 

8*9 

2tH> 

22*3 

1 70 

4*1 ! 

; JOG 

I 

j 

>> 

42*9 

8*7 

2(V<> 

21*8 

i 80 

4*0 

! u>7 

' 1 

n ?? 

I : 

>> 

42*8 

8 8 

2f4 j 

21*9 j 

| 120 ; 

4*0 



1 . _ 

- . - 



i __ ! 




. _ 


Between 14° and 70° there is a large fall in the coefficient ; between 80° and 120° 
the coefficient remains constant. 

It is difficult to assign the marked change in the coefficient, as the initial tempera- 
ture is raised from 0° to G0°, to a higher temperature being reached in the combustion 
when the eudiometer is warmed. In the first place if the temperature of the flame is 
increased by the whole amount of the initial warming of the gases, this increase is 
not more than 2 or 3 per cent., whereas the coefficient is altered some 40 per cent. ; 
and secondly if such a small increase in the temperature of the flame affects the 
coefficient, we should expect the small further increase in the temperature of the flame 
by heating the eudiometer from GO 0 to 120° to make a further change in the coefficient. 
No change in the coefficient occurs as the temperature of the eudiometer is raised from 



IN GASES : HYDROGEN, CARBONIC OXIDE, AND OXYGEN. 


665 


60° to 120°. The cause of the change must be sought in some condition present 
up to 60° and absent at higher temperatures. There is such a condition — the 
condensation of the steam by the sides of the vessel during the progress of the 
chemical change. By this condensation one of the reacting bodies is removed from 
the sphere of action. If we conceive the gases to be composed of a vast number of 
molecules moving in straight lines and coming into collision one with another and with 
the sides of the vessel, and that an appreciable time elapses during which the gaseous 
molecules are in sufficiently rapid motion to change atoms when they come into 
collision, then it must happen that while the change is proceeding a number of steam 
molecules strike the sides of the vessel. Now a vapour diffused through a gaseous 
mixture is condensed to a liquid by a cool surface when the pressure of the vapour in 
the mixture is greater than the tension exerted by the liquid at the temperature of 
the cool surface. On the contrary, when the surface is at such a temperature that a 
liquid film upon it exerts a tension greater than the pressure of the vapour of that 
liquid present in the atmosphere in contact with it, the liquid volatilizes from the 
surface. Under the latter conditions no vapour would be condensed from a gaseous 
mixture. For a surface at a given temperature, condensation depends upon the 
tension of the vapour in the mixture, and for a given tension of the vapour, condensa- 
tion depends on the temperature of the surface. 

These facts permit the question to be readily tested by experiment. In the first 
series of temperature experiments, if 3 ‘7 be taken as the constant coefficient at high 
temperatures, then in the last experiment the tension of the steam formed by the 
unimpeded reaction would be 162 milliins. at 60°. At this temperature- the tension 
exerted by a film of water is about 150 millims. During the explosion, therefore, the 
sides of the vessel might condense a small quantity of steam, and the coefficient might 
in consequence be slightly raised. In the previous experiment at 40°, the tension of 
steam formed by the unimpeded reaction would still be 162 millims. at 40°; but at 
this temperature the tension exerted by a film of water is only 55 millims. So that 
a considerable condensation might take place, and the coefficient be considerably 
raised. At lower temperatures the effect would be greater still. In the same way, if 
3’7 be taken as the constant coefficient in the second series of temperature experi- 
ments, then in the second, third, fourth, and fifth experiments the tension of steam 
formed by the unimpeded reaction would be 152 millims. at 60°, 80°, 100°, and 120° 
respectively. At 80° the maximum tension of aqueous vapour is 355 millims., so that 
at 80° and at higher temperatures no condensation could take place; but at 60° a slight 
condensation might occur. The two series of experiments show therefore that the 
coefficient remains constant when no condensation is possible during the reaction : 
with decrease of initial temperature the coefficient begins to increase as soon as con- 
densation becomes possible. Similarly in the third series of experiments, if we take 
4 as the constant coefficient, no condensation could take place at 80° or higher tem- 
peratures ; at 70° some condensation might occur. The coefficient begins to increase 
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as soon as condensation is possible. In the fourth series the maximum tension of 
aqueous vapour at 70° (233 millims.) is just greater than the tension of steam formed 
(219 millims.). Perhaps incipient condensation accounts for the very slight rise in 
the coefficient observed. 

Now by varying the initial pressure the point of possible condensation can be 
altered without varying the temperature of the vessel. For instance, by reducing 
the initial pressure from 1000 millims. to 500 millims. in the two first series, the 
tension of the steam formed in the unimpeded reaction would have been reduced to 
81 millims. and 76 millims. respectively; no condensation could therefore have taken 
place under these conditions until the temperature had been reduced below 50°, and 
so on for other initial pressures. By changing the initial pressure the truth of the 
hypothesis can therefore be tested ; if the condensation of steam interferes with the 
reaction in the manner indicated, the increase of the coefficient will always occur 
when the tension of steam formed is equal to the maximum tension of aqueous 
vapour at the temperature of the eudiometer. Some of the mixture containing 73 4 
parts of carbonic oxide and 26 "6 parts of hydrogen in 100, was exploded under 400 
millims. pressure and at different temperatures with the following results. 


Table XXXIV. — Pressure = 400 millims. 


Reference 

Ho. 

Before the explosion. 


After the explosion. 




Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Ste im. 

Temp. 

a. 

108 

17-6 

73 4 

26-fi 

540 

196 

107 

100 

°C. 

40 

41 

109 


v 

>> j 

535 

19*9 

112 

15*3 

50 

3 7 

110 


V 

i 

53 *5 

19*9 

11-2 

15*5 

100 

3 7 


In these experiments the tension of steam formed by the unimpeded reaction is only 
62 millims. The maximum tension of aqueous vapour at 50° is 92 millims. and at 40° 
it is 55 millims. If condensation causes the increase in the coefficient, this increase 
should not take place until the temperature is reduced below 50°. The coefficient is 
found to be the same at 50° as at 100°, whereas at 40° a distinct increase is observed. 
When this same mixture was exploded under 1000 millims. pressure the steam pro- 
duced had a tension of 1 53 millims., and at 60° where the maximum tension of aqueous 
vapour is 149, the coefficient began to rise. These experiments also show that the 
coefficient is the same whether the gases are exploded under 400 millims. or 1000 
millims., provided that no condensation takes place. 

Again, the same mixture was exploded under 100 millims. pressure at vaiying 
temperatures. 
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Table XXXV. 



Bofore the explosion. 


After the explosion. 




Reference 

No. 

! 

















Temp. 

a. 

Oxygen. 

Carbonic 

oxide. 

Hydrogen, 

Carbonic 

oxide. 

Caibonic 

acid. 

Hydrogen. 

Steam. 



Ill 

17*0 

73*4 

2 0*0 

r>3 5 

19-9 

11 7 

14*3 

°C. 

it; 

34 

112 


» » 

»» 

. r > 2*2 

21*2 

12*8 

ia 8 

30 

27 

113 ! 

>> 

»> 


52 - 1 

21*4 

124 ) 

14*0 

00 

27 

114 ; 

1. 

>> 

I 


62*0 

214 

12*7 

13*9 

100 

_ 

27 


The maximum tension of aqueous vapour at 16° is 13^ millimB., at 30° it is 31^ 
millims. ; the tension of the steam produced in the unimpeded reaction is 14 millims. 
As the temperature is reduced from 100° to 30°, no alteration is found in the coeffi- 
cient ; at 16° the coefficient is distinctly raised. The constant coefficient under 
100 millims. is lower than that under 400 millims. 

From all the experiments made at vai'ious temperatures, it follows that when the 
steam formed during the reaction is more than sufficient to saturate the sjxtce at the 
temperature of the enclosing vessel, some of the steam is condensed on the sides of the 
vessel during the progress of the chemical cha nge. 

By the removal of a 'portion of the steam during the reaction, more steam and less 
carbonic acid are found after the explosion than if all the steam had remained as a gas 
capable of reacting with the carbonic oxide. 

When no condensation occurs, a change of initial temperature has no effect on the 
division of the oxygen in the explosion. 

Experiments on the “ critical pressure ” at high temperatures. 

In the experiments previously described, in which portions of a mixture were 
exploded under increasing pressures at ordinary temperatures, it was found that the 
ratio of carbonic acid to steam formed continually diminished until at about 400 
millims. pressure it became constant. The lowest pressure at which the ratio became 
constant varied in different mixtures. The larger the percentage of oxygen taken, the 
lower the critical pressure was found to be. In these experiments, condensation of 

CO 

steam occurred during the reaction, and in consequence the ratio — * was diminished. 

In the temperature experiments last described, it was seen that this ratio varied with 
the pressure when no condensation took place. To determine the amount of this 
variation, and the “ critical pressure,” with different mixtures, three series of explosions 
were made under successively increasing pressures, at a temperature sufficiently high 
to prevent any condensation of steam. In the first series a mixture of nearly equal 
volumes of carbonic oxide and hydrogen was taken. 100 volumes of this mixture 
were exploded with 15 - 4 volumes of oxygen at 80°. 

4 Q 2 
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Table XXXVI. — Temperature of Eudiometer = 80° C. 


i Reference 
No. 

Before the explosion. 

After the explosion. 

Pressure. 

millims. 

150 

200 

000 

400 

looo 

a. 

Oxygen. 

15*4 

n 

n 

ii 1 

Carbonic 

oxide. 

517 

ii 

ii 

ii 

Hydrogen. 

Carbonic 

oxide. 

420 

42 1 

42 7 

42 '5 
421) 

Carbonic 

acid. 

Hydrogen. 1 Steam. 

1 

115 

110 

117 

118 
100 

48*3 

>> 

ii 

ii 

ii 

97 

9*6 

8*9 

91 

87 

27*4 

207 

20*0 

201 

200 

20*9 

21*0 

21*8 

22*2 

21*8 

3*3 

3*0 

3*9 

4*0 

4*0 


This mixture would not explode when the spark was passed under 100 millims. or 
125 millims. pressure. At 150 millims. it exploded. The critical 'pressure is found 
to he between 300 millims. and 400 millims. Below the. critical pressure a different 
equilibrium is established. The constant coefficient for this mixture is the same as 
that for a mixture containing three volumes of hydrogen to one volume of carbonic 
oxide. 

From the experiments previously given the following table is made up. 


Table XXXVII. — Temperature of Eudiometer = 100° C. 


Reference 

No. 

Before the explosion. 


After the explosion. 



Co- 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Pressure. 

efficient. 

a * 

114 

17(5 

734 

20*6 

52*0 

211 

12 7 

13*9 

millims. 

100 

27 

1 JO 

9 j 

11 

11 


53*5 

19*9 

1 11 

15*5 

400 

37 

98 

M 

»» 

53 7 

19*0 

11 4 

15*2 

1000 

3*7 









„„ ... 



This mixture exploded under 100 millims. pressure at 100°. The “ critical pressure ” 
is below 400 millims. 

Another set of experiments was made with a mixture containing about three times 
as much hydrogen as carbonic oxide. To 100 volumes of the combustible gases, 15*8 
volumes of oxygen were added. 


Table XXXVIII. — Temperature of Eudiometer = 100° C. 


Reference 

Before the explosion. 


After the 

explosion. 



Oo- 








Pressure. 

efficient. 

No. 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

a. 









millim*. 


119 

ir>-8 

24*5 

75-5 

20*4 

41 

48*6 

20*9 

100 

2*8 

120 

ii 

ii 

11 

21*2 

3 3 

47*2 

28*3 

300 

3*8 

104 

ii 

” 

11 

21*2 

3-8 

47*0 

28*5 

1000 

4*0 


The critical pressure is above 300 millims. 
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Experiments were next made with smaller quantities of oxygen. To 100 volumes 
of a mixture containing nearly equal quantities of carbonic oxide and hydrogen, 8 '5 
volumes of oxygen were added. Portions of this mixture were exploded under 
increasing pressures at 90° C. The coefficient continued to increase as the pressure 
was raised up to 2000 millims. of mercury. 


Table XXXIX. — Temperature of Eudiometer = 90° 0. 


Reference 

No. 

Before the explosion. 

After the explosion. 



Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Preaauie. 

a. 









millims. 


121 

8*5 

48-2 

518 

48-6 

47 

39*3 

12*5 

400 

2*9 

122 


J» 

y y 

43*9 

43 

39*1 

12(3 

800 

3*3 

123 

y y 

)) 


43*8 

4-5 

387 

13*0 

1000 

3*3 

124 

tt 


*♦ 

43-9 

44 

38*3 

13 L 

1500 

3*4 

125 

» 

»» 

” 

44- 1 

4*2 

39*0 

12*8 

2000 

3*5 


The critical pressure of this mixture is above 2000 millims. Another mixture, 
containing 10 ‘2 volumes of oxygen to 100 volumes of the combustible gases, was 
exploded in a similar way under increasing pressures at 90° C. The coefficient con- 
tinued to increase as the pressure was raised up to 2000 millims. ; but in each 
case the coefficient was higher than under the same pressure with the lower pro- 
portion of oxygen. 

Table XL. — Temperature of Eudiometer = 90° C. 



Before the explosion. 


After the explosion. 




Reference 

No. 

Oxygon. 

Carbonic 

oxide. 

Hydrogen. 

Carbouic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Pressure. 

a. 

1 20 

10*2 

53*2 

46-8 

47*1 

6-1 

32 5 

14*3 

millims. 

400 

3*4 

127 


jj 

yy 

47*3 

5*9 

32*1 

14*6 j 

1500 

3*6 

128 


M 

rt 

47 5 

5-8 

32*1 

147 

1750 

37 

129 


M 

fy 

47*6 

57 

32*1 

14*0 

2000 

3*8 


The critical pressure of this mixture is above 2000 millims. 

A third mixture with rather more oxygen was exploded in a similar way. 
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Table XLI. — Temperature of Eudiometer = 90° C. 



Before the explosion. 

After the explosion. 



Reference 

No. 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Pressure. 

a. 

130 

m 

132 

133 

11*5 

>> 

■ 

” 

46-7 

» 

»> 

53*3 

: 

! ” 

41 *1 
41*3 
41*4 
414 j 

! 

5*6 

5*4 

5*3 

5*3 | 

35*7 

35 0 
35*5 
354 

17-5 

17 7 

17-8 

17-8 

uill'ius. 

400 

(500 

800 

1000 

3*6 

3*8 

3-9 

3*9 


The “ critical pressure ” of this mixture is near 1000 millims. 

From these series of experiments at a high temperature it appears that when the 
proportion of oxygen is low, the division of the oxygen varies with changes of pressure 
even beyond 2 metres of mercury. As the proportion of oxygen is x'aised, the point is 
sooner reached at which no further increase of pressure affects the result. In these 
experiments no condensation of steam was possible during the reaction. 

These experiments also show that a variation in the quantity of oxygen from 11'5 
to 15 4 (for every hundred of the combustible gases) has no effect on the coefficient a. 
According to IIorstmann this coefficient varies from 3 8 to 5'6 when the proportion of 
oxygen is increased from 10 to 15 parts for every 100 of combustible gases. In the 
following experiments larger proportions of oxygen, increasing from 17’5 to 38‘6 parts, 
were exploded with a mixture containing three of carbonic oxide to one of hydrogen. 

In each case the explosion was made under a pressure of 1000 millims. of mercury. 


Table XLI I. 


Reference 

No. 

Before the explosion. 


After the 

explosion. 

1 



Oxygen. 

j Carbonic 
oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen, i 

Steam. 

Temperature. 

a. 

97 

17-5 

73-3 

20-7 

536 

19*7 

114 

153 

• c 

80 

3-7 

134 

26*3 

7J3-3 

24*7 

41-3 

34*0 

61 

186 


37 

135 

27*2 

757 

24-4 

39-8 

35*9 

58 

18-6 


3-6 

136 

30*5 

753 

247 

34-5 

40-8 

4' 7 

20-0 


3-6 

137 

38*6 

753 

247 

20-G 

54*7 

1 

23 

224 

V 

36 


The increase in oxygen from 17 ’5 to 38 '6 for 100 of the combustible gases produces 
only the slight change in the coefficient from 3’7 to 3 ‘6. 

According to Horstmann, this change in the quantity of oxygen should be 
accompanied by a fall in the coefficient from about 6 to 4 - 5. * 

With a mixture containing three times as much hydrogen as carbonic oxide a 
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change in the quantity of oxygen added from 16 to 26 made no difference in the 
coefficient, when the mixtures were exploded at 100°, and above the critical pressure. 
The following table contains the results of these experiments. 


Table XLIII. — Pressure = 1000 millims. 


Reference 

Before the explos*on. 

After the explosion. 










No. 

i 

Oxygen. 

Carbone 

oxide. 

! 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

a. 

104 

15-8 

24*r> 

75 -ft 

21*2 

33 

47*0 

*28' -5 

40 

103 

3 7 3 

240 

70-0 

20*4 

30 

44*4 

31 0 

4-0 

139 

25-9 

24*5 

75-5 

17*9 

GO 

304 

4o*l 

40 


With another portion of the third mixture, containing about 26 per cent, of oxygen, 
an explosion was made under 1000 millims. pressure at 80° C. The tension of the 
steam formed in the unimpeded reaction being 451 millims., and the maximum 
tension of aqueous vapour being only 355 millims. at 80°, it follows that condensation 
of steam should occur during the explosion at the lower temperature. The coefficient 
was found to be 4 ’2, a result which confirms the previous experiments made on 
condensation. 

Table XLIV. — Pressure = 1000 millims. 


j Reference 
No. 

i 

Before the explosion. 

After the explosion. 



Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carlmnic 

ox.de. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

Temperature. 

a. 

139 

138 

25*9 

24-5 

>» 

7.V5 

I 

J) 

1 70 

18-0 

0*0 

0*5 ! 

30-4 

30 2 

451 

45*3 

100 

80 

ii © 


When a dry mixture of carbonic oxide and hydrogen is exploded with 12 to 15 
per cent, of oxygen, at a pressure greater than the critical pressure, and at a tem- 
perature sufficiently high to prevent any condensation of steam, the coefficient a is 
found to be 4 when the hydrogen is equal to or greater than the carbonic oxide, but 
3'7 when the carbonic oxide is three times the hydrogen. This difference I believe to 
be due to the fact that carbonic oxide and oxygen, under the conditions of these experi- 
ments, are incapable of direct combination, so that when the volume of hydrogen taken 
is less than double the volume of the oxygen, there is present during a part of the 
reaction an excess of oxygbn chemically indifferent to the three other gases present — 
steam, carbonic oxide, and carbonic acid. 
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For instance, in the last three experiments of Table XL., where 17 5 parts of oxygen 
were exploded with 7 3’3 of carbonic oxide, and 267 of hydrogen, there was only sufficient 
hydrogen to burn at once 133 parts of oxygen ; now, supposing the hydrogen to have 
been all burnt at once, then the other 4-2 parts of oxygen had to wait until the corres- 
ponding quantity of steam, formed at first, had been decomposed by the carbonic oxide. 
Of course the steam produced at first immediately began to react with the carbonic 
oxide, but owing to the deficiency of hydrogen, the rate of formation of steam was 
limited, during a considerable portion of the reaction, by the rate of formation of 
carbonic acid through the double decomposition of steam and carbonic oxide. The 
intensity of the reaction was thus diminished. 

Now the presence of an inert gas, such as nitrogen, is found to affect the coefficient 
a in the same way. To a mixture containing about three times as much hydrogen as 
carbonic oxide and some 14 per cent, of oxygen, was added about two-thirds its volume 
of nitrogen. When this mixture was exploded under 1000 millirns. pressure at 100° C., 
the coefficient was found to be 3'2. A similar mixture without the addition of nitrogen 
gave 4 for the coefficient under the same conditions. 


Table XLV. — Pressure = 1000 millims. 





Before the explosion. 



After the explosion. 




Reference 

No. 


Oxygen. 

Carbonic 

oxide. 

Hydrogen 

Nitrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

turn. 

a. 











°c 


104 

Mixture without 

15*9 

245 

75’5 

.. 

21*2 

8*3 

47’0 

28-5 

100 

4.0 

140 

nitrogen . . . 

Mixture with 

16*5 

24*5 

75-5 

72-0 

20*5 

4'0 

46*3 

28-2 

100 

3*2 


nitrogen . . , 












The diminution in intensity produced by the presence of the inert nitrogen favours 
the formation of carbonic acid in preference to steam in the explosion. 

If the fall of the coefficient from 4 to 37 is due to the presence of inert oxygen 
during a portion of the reaction, it will follow that, so long as the oxygen employed is 
not more than half the hydrogen, the coefficient will remain normal whatever be the 
proportions of carbonic oxide and hydrogen present ; but whenever the oxygen is more 
than half the hydrogen the coefficient will fall. The change of the coefficient will not 
be abrupt, but the chief gradient will occur at the point when the hydrogen is double 
the oxygen. 

This explanation can therefore be readily tested experimentally. Two mixtures were 
made ; one of carbonic oxide and oxygen, the other of hydrogen and oxygen — both con- 
taining the same percentage of oxygen. Varying proportions of these two mixtures 
were brought together in the eudiometer and exploded at a high temperature, and at 
a pressure greater than the critical pressure. It was found that when the hydrogen 
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was more than double the oxygen, the coefficient was almost exactly 4 ; when the 
hydrogen was just double the oxygen, the coefficient was slightly lowered, and when 
the hydrogen was less than double the oxygen, the coefficient fell gradually from 
4 to 3'6. In the following table the results of these experiments are tabulated, 
together with one or two previous experiments which fit into the series. 


Table XLYI. — Temperature = 90°-100°. Pressure = 1000 millims. 


Reference 

No. 

Before the explosion. 

After the explosion. 

a. 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

141 

17-2 

18*3 

81-7 

15*8 

2-5 

49*9 

31-8 

3*98 

103 

17*3 

24*0 

7G-0 

20*4 

3*5 

44-7 

31*3 

4*03 

142 

169 

397 

G0*3 

33-0 

6-8 

33*2 

27-1 

3*97 

10G 

15*4 

51-7 

48-3 

42*9 

8-7 

26*6 

21-8 

4*02 

143 

17-4 

58-8 

41-2 

45-8 

130 

19-4 

21*8 

3*97 

144 

1735 

61-G 

38-4 

47-5 

141 

17-8 

20*6 

3*93 

145 

1735 

660 

34-0 

50-0 

160 

15-3 

18*7 

3*81 

98 

17-5 

73-3 

2G-7 

53-7 

19-6 

11-4 

15*2 

3*67 

146 

1G-7 

79-2 

20-8 

57-9 

21-3 

8-8 

12*05 

3*68 

147 

166 

84-3 

15-7 

GO-3 

24-0 

6-4 

9*25 

3*61 


Again, similar experiments were made with a smaller proportion of oxygen ; instead 
of 17-4 parts of oxygen 12 - 4 were taken. With 17‘4 parts of oxygen, the percentage 
of hydrogen could not be reduced to 34 per cent, of the combustible gases without 
lowering the coefficient, but with only 12 ’4 parts of oxygen the lowering of the 
coefficient should only occur when the percentage of hydrogen is reduced to about 
25 per cent. 

The experiments agreed perfectly with the theory. 

With 32 per cent, of hydrogen the coefficient was normal, with 28 per cent, it was 
still nearly normal, with 24 per cent, it had fallen. 


Table XLYII. — Temperature = 90°. Pressure = 1000 millims. 


Reference 

No. 

Before the explosion. 

After the explosion. 

a. 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

Carbonic 

oxide. 

Carbonic 

acid. 

Hydrogen. 

Steam. 

148 


67-9 

n 


no 

18-2 

13*9 

3-96 

149 


72-0 



12-4 

15-5 

12-5 

3-91 

150 



n 


140 

12-9 

110 

3-77 


The results of these two series of experiments are expressed graphically below. The 
MDOCCLX XXI V. 4 R 
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abscissas are parts of carbonic oxide in 1000 of the combustible gases, the ordinates are 
the coefficients found. 


1000 

900 

BOO 




nr 

'rife: 



1 i 



4-0 

: 11 

[if; : : ! i 

Id; ' 


i 




1 ! 

ill. 


1 i 

. .i__ 

’ n'oO 


The continuous curve is drawn through the eocHicionts given by the mixtures with 1 7t 
parts of oxygon. The vertical lino shows the point where the hydrogen is just twice the 
oxygon in the first series. The dotted curve is drawn through the coefficients given by the 
mixture with 12 4 parts of oxygen. The vertical lino shows the point where the hydrogen 
is just twice the oxygen in the socond series. 


General conclusions. 

1. Bunsen’s original experiments on the incomplete combustion of carbonic oxide 
and hydrogen are vitiated by the presence of aqueous vapour in the eudiometer. 
Both IIorstmann’s experiments and my own show that no alteration per saltuvn 
occurs in the ratio of the products of combustion. 

2. A mixture of dry carbonic oxide and oxygen does not explode when an electric 
spark is passed through it. The union of carbonic oxide and oxygen is effected 
indirectly by steam. A mere trace of steam renders a mixture of oxygen and 
carbonic oxide explosive. The steam undergoes a scries of alternate reductions and 
oxidations, acting as a carrier of oxygen to the carbonic oxide. With a very small 
quantity of steam the oxidation of carbonic oxide takes place slowly. As the 
quantity of steam is increased the rapidity of the explosion increases. 

3. When a mixture of dry carbonic oxide and hydrogen is exploded with a 
quantity of oxygen insufficient for complete combustion, the ratio of the carbonic 
acid to steam formed, depends on the shape of the vessel and the pressure under 
which the gases are fired By continually increasing the initial pressure a point is 
reached where no further increase in the pressure affects the products of -the reaction. 
At and above this “critical pressure” the result is independent of the shape of the 
vessel. The larger the quantity of oxygen used the lower the “ critical pressure " is 
found to be. 

4. When dry mixtures of carbonic oxide and hydrogen in varying proportions are 
exploded above the “critical pressure ” with oxygen insufficient for complete com- 
bustion, an equilibrium is established between two opposite chemical changes 
represented by the equations 
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(1) CO +H 2 0=C0 2 +H 3 

(2) co 2 +h 2 =co +h 2 o 

So that at the end of the reaction the product of the carbonic oxide and steam 
molecules is equal to the product of the carbonic acid and hydrogen molecules multi- 
plied by a “ coefficient of affinity.” This result agrees with Horstmann’s conclusion ; 
but Horstmann considers the coefficient to vary with the relative mass of oxygen 
taken. 

5. A small difference in the initial temperature at which the gases are fired makes 
a considerable difference in the products of the reaction. This difference is due to 
the condensation of steam by the sides of the vessel during the explosion, and its 
consequent removal from the sphere of action during the chemical change. When the 
gases are exploded at a temperature sufficiently high to prevent any condensation of 
steam during the progress of the reaction, the coefficient is found to be constant 
whatever the quantity of oxygen used, provided that the hydrogen is more than 
double the oxygen. 

6. The presence of an inert gas, such as nitrogen, by diminishing the intensity of 
the reaction favours the formation of carbonic acid in preference to steam. When the 
hydrogen is less than double the oxygen the excess of oxygen cannot react with any 
of the three other gases present — carbonic oxide, carbonic acid, and steam — but has 
to wait until an equal volume of steam is reduced to hydrogen by the carbonic oxide. 
The excess of inert oxygen has the same effect as the inert nitrogen in favouring the 
formation of carbonic acid. 

The variations in the coefficient of affinity found by Horstmann with different 
quantities of oxygen are due partly to this cause, but chiefly to the varying amounts 
of steam condensed by the cold eudiometer during the reaction in different experi- 
ments. 

7. As the general result of these experiments, it has been shown that when a 
mixture of carbonic oxide and hydrogen is exploded with insufficient oxygen for 
complete combustion, at a temperature at which no condensation of steam can take 
place during the reaction, and at a pressure greater than the critical pressure, an 
equilibrium between two opposite changes is established, which is independent of the 
quantity of oxygen taken, so long as this quantity is less than half the hydrogen. 
Within the limits marked out above, the law of mass is completely verified for the 
gaseous system composed of carbonic oxide, carbonic acid, hydrogen, and steam at a 
high temperature. 

The experiments described in this paper were made partly in the laboratory of 
Christ Church, and partly in the laboratory of Balliol College, Oxford. I desire to 
express my sincere thanks to Mr. A. G. Vernon Harcourt and to Mr. W. Esson for 
their constant help and advice in all stages of the inquiry, and to the Government 
Grant Committee of the Royal Society for giving me the leisure and the appliances to 
complete this research. 
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Appendix. 

1. In the following tables the actual numbers obtained in each analysis are given — 
beginning with those summarised in Table YIII. of the paper — in which the pressure 
of the gases at explosion was observed. The first column gives the reference number. 
In the three next columns the percentage composition of the gas is given, as deter- 
mined by mixture or analysis previous to each experiment. The next two columns 
give the pressure (P) and the temperature (T) of the gases just before the spark was 
passed. In the seventh and succeeding columns are given the volumes reduced to 
cubic centimetres at 0° C. and 760 millims. before the explosion (V„), after the 
explosion (V„), after absorption with potash (V a ), after addition of excess of oxygen 
(V' 0 ), after explosion (Y'„), and lastly after absorption with potash (V'„). 
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By the two explosions and absorptions a complete analysis of the mixture is made. 
The second part of the operation not only serves to control the whole, but gives a 
second independent value for the amount of hydrogen and carbonic oxide burnt in the 
first explosion. By subtracting the quantity of hydrogen burnt in the second explo- 
sion from the quantity of hydrogen originally measured, a number is obtained which 
should be identical with the quantity of steam formed in the first explosion — if no 
experimental error occurred. In the column under “ h found ” is given the quantity of 
hydrogen burnt in the first explosion as directly determined by the contraction and 
absorption; in the column under “h calculated ” is given the quantity of hydrogen burnt 
in the first explosion as calculated from the quantity originally moasured and that 
found in the second explosion. The mean between these two numbers is taken as the 
correct quantity of hydrogen burnt in the first explosion. 

Exactly in the same way the mean between the found and the calculated quantity 
of carbonic oxide burnt is taken as the correct quantity. 

From the numbers given the entire analysis may be calculated out in the following 
way : — 

No. 1 . Composition of mixture. 


Carbonic oxide 67T0 

Hydrogen 21 *91 

Oxygen 11 ‘09 


100-00 

Volumes reduced to 0° C. and 700 millims. 


Cub. centims. 

Volume of mixture taken 8 -25 

,, after explosion G'50 

„ „ absorption 5 '51 

,, „ addition of oxygen . . . 16 -14 

„ „ explosion 12-40 

„ „ absorption 7 "83 

First contraction =1*74 = c First absorption = -99 —h 

Second „ =3'74=c / Second „ = 4*57=# 

By first explosion and absorption : — 

Oxygen =|(c+£) = '908, Hydrogen —\(c— |^ = *83, Carbonic oxide = *99 

By second explosion and absorption : — 

Hydrogen =|/c'— "97, Carbonic oxide =4’57 


Total hydrogen =1-80, Total carbonic oxide =5*56 
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Composition of mixture by analysis. 


CO . . . 

5-56 

67-39 

H ., . . . 

1-80 

21-82 

0„ . . . 

•91 

iroi 


8-27 

100-22 

Then by calculation from the original 

mixture, 8 '25 cub. centims, 

centims. carbonic oxide and 1*81 cub. centime, hydrogen. 

5-54 

1-81 


4-57 

•97 


•97 k calculated 

•84 

h calculated 

•99 k found 

•83 

h found 

•98 mean k 

•835 

mean h 


*_j98 
h~- 835 


= 1-17 


I. 


eferonce 

jNo . 

j 

Oxygen. 

Carbonic 

oxide. 

Hydrogen. 

P . 

T . 

Vo . 

Vr. 

Vo . 

V ' o . 

vv 

V'a. 

: h 
found. 

h 

calcu- 

lated. 

Xr 

h 





miHims. 

° c . 










1 

11*09 

67-10 

21-91 

210 

10-5 

8*25 

6- 50 

8-61 

16-14 

12*40 

7-88 

•88 

•84 

1-17 

2 





9-7 

11*26 

8-87 

7*53 

17-066 

12*087 

5*940 

1*150 

1*195 

1*17 

3 

m 

»* 



11*1 

12-82 

10-10 

8-58 

21-83 

15*51 

8*47 

1*31 

1*28 

1-19 

4 





10-5 

16-61 

13*10 

1111 

21*51 

14*04 

4*97 

1*67 

1*68 

1-21 

5 




„ 

11*1 

17-04 

13-41 

11-34 

21-25 

13*63 

4*82 

1-78 

1-74 

1*21 

6 





10-3 

23-61 

18-00 

16-79 

28-88 

18*22 

5*84 

286 

2*86 

1*24 

7 





10-3 

31-25 

24-71 

20-81 

85*60 

21*54 

4-78 

8*06 

3*06 

1*32 

8 

«> 

It 

tt 

200 

8-5 

12*52 

9-95 

8-87 

18*51 

12*82 

6*02 

1*19 

1*21 

1-83 

9 

16-88 

49-60 

88-62 

250 

10‘5 

9*89 

6-02 

4-86 

11*40 

7*85 

4*08 

219 

2*19 

•52 

10 





10-1 

10*61 

6-45 

5-22 

14*40 

10*58 

6-57 

2*30 

2*85 

*58 

11 

ft 

it 



9*0 

10-70 

6*53 

5-28 

16 14 

12*29 

8-23 

2*36 

2*37 

•58 

12 

tt 

a 



10*5 

11*19 

6*84 

5-55 

15-30 

11*28 

7-02 

2*47 

2*49 

•52 

13 

i> 

tt 

tt 


9-6 

35*43 

21-75 

17*59 

88-52 

25*85 

12*68 

7*78 

7*84 

*55 

14 

i* 

tt 

>• 


10-5 

38*54 

28-66 

19-11 

86*99 

22*93 

8*88 

8*40 

8*40 

•54 

15 

» 

tt 

It 


9-5 

36*83 

22-59 

18*21 

32-96 

19*53 

5*62 

8*03 

8*08 

•545 

16 

19-70 

41-02 

89-28 

260 

9-0 

37*42 

19-445 

15*826 

31*594 

19*884 

8*656 

10-61 

10*59 

•89 

17 

tt i 

tt 

tt l 

i 

7*4 

32-52 

16-89 

18-83 

25*20 

15-04 

5*26 

9*28 

9*25 

•885 

18 

; 

tt 

» 1 


7-9 

11*026 

5-724 

4-512 

17*406 

18-974 

10-661 

8*181 

8*146 

•885 

19 

ft 

>t 

>♦ 

.. 

6-7 

11*264 

5-836 

4-599 

16-960 

18-440 

10*000 

8*206 

3*204 

*39 

20 

19-70 

41*02 

89*28 

100 

8-6 

7-99 

4*19 

8-26 

15-26 

12*73 

10*41 

2*22 

2*22 

•426 

21 

V 

»» 

tt 

♦» 

9-8 

15*64 

8*34 

6-44 

i 23-90 

18*78 

14*29 

4*28 

4*22 

•453 

22 

| 12*86 

01-64 

25-50 

: 75 

6-5 

6*088 

4-580 

8*712 

13*990 

11*272 

8-412 

*679 

*079 

1*27 

28 

»» 

it 

n 

100 

5-6 

8*370 

6-821 

5145 

16-968 

12*224 

8*240 

*974 

*909 

1*21 

24 

it 

It 

i> 

i 125 

6*4 

10*33 

7-69 

6*84 

19*65 

15*18 

10-14 

1-810 

1*888 

1*01 

25 

1 

*> 

tt 

tt 

! 150 

6-5 

12*47 

9-21 

7*65 

20*440 

15*090 

8-976 

1-65 

1*65 

•95 

26 

it 

I * 

tt 

200 

5*8 

18-80 

18-88 

11-53 

29-09 

21*07 

11-84 

2-55 

2-514 

•92 

27 

»» 


it 

800 

6-9 

i 24-68 

18*06 

16-14 

34-35 

23*96 

11-00 

8-44 

8*46 

•85 

28 

ft 

It 

tt 

425 

7*0 

j 34*528 

25*177 

21-189 

38-090 

28-680 

6-850 

4‘90 

4-922 

•81 

29 

>* 


it 

600 

6*4 

! 49-069 

1 

85-826 

80-165 

49*580 

28*880 

4*840 

6*942 

6*920 

•82 
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I. (continued.) 


Reference 

No. 

joxygen. 

Carbonic 

oxide. 

Hydrogen 

P. 

T. 

Vo . 

V, 

v„. 

To. 

vv. 

V'«. 

h 

found. 

h 

calcu- 

lated. 

k 

h 

80 

12*29 

68*81 

24*40 

millims. 

75 

°c. 

15*7 

6*024 

4*666 

3-815 

12-824 

10*047 

7060 

*622 

*614 

1*86 

81 

tt 

»i 

ii 


16*6 

5 479 

4-276 

8-460 

10-651 

8*104 

5-896] 

•532 

*642 

1*46 

82 

>» 

!» 



15*0 

5*834 

4*516 

3-678 

13-255 

10*582 

7*744 

*598 

*688 

1*48 

88 

*> 




14*3 

6-846 

5*158 

4*206 

15-489 

12*442 

9160 

*674 

•084 

1*38 

84 

1 »» 

11 



14*0 

6*511 

5*088 

4-126 

12-292 

9*290 

6*082 

*684 

*657 

1*45 

85 

ii 

11 



18*2 

6*997 

5*411 

4*414 

12*468 

9-288 

6*841 

•725 

•781 

1*36 

8(5 

! »» 

11 



14*2 

6-207 

4*800 

8-920 

15-000 

12*156 

9*084 

*645 

*648 

1*35 

87 

! >* 

11 

>i 

ii 

14*5 

6-763 

4*430 

3*602 

15*908 

18-271 

10*488 

•606 

*690 

1-37 

88 

» 

11 


100 

14*4 

9*124 

7-071 

5-766 

16*118 

11*926 

7*442 

*933 

*920 

1-40 

89 

V 

11 

ii 


13*8 

9*082 

7-044 

5-72* 

18*565 

14-441 

10*012 

*919 

*942 

1*42 

40 

II 

11 

ii 


14*8 

9-497 

7*857 

5*998 

20*951 

16*615 

11*956 

•974 

*979 

1*39 

41 

II 

11 


125 

19*9 

10*214 

7-795 

6*437 

21*767 

17-211 

12-137 

1*160 

1-146 

1*10 

42 

11 

11 


ii 

14*9 

10*311 

7-874 

6-513 

17*430 

12*835 

7*054 

1*171 

1*180 

1*16 

48 

11 

II 


150 

15*1 

12T.76 

9*587 

7-949 

20*249 

14-710 

8*366 

1-496 

1*403 

1-07 

44 

i >f 

11 

,, 

175 

1C-2 

15*588 

1 1-738 

9*811 

21-077 

14*269 

6*405l 

1*801 

1-874 

1*036 

45 

j 11 



200 

151 

15*45 

11*63 

9*75 

27*84 

21*15 

13*29 

1*92 

1*93 

*99 

40 




250 

15*0 

20*502 

15*860 

12-920 

26*860 

17*836 

7*327 

2*010 

2*08 

*94 

47 

1 1* 

11 


800 

11*7 

27-74 

20-77 

17-51 

87*53 

25*61 

11*80 

3*50 

8*57 

*92 

48 

>. 

♦1 


400 

15*8 

33*00 

24*68 

20*80 

39*61 

25*42 

8*43 

4*25 

4*25 

*915 

49 

11 

l» 


700 

14*9 

59*95 

44*88 

37*85 

, , 

, # 

, . 

7*75 

, , 

*90 

50 1 

i 

*1 

11 

» 

1000 

15*7 

83*47 

62*39 

52*66 

•• 

•• 

•• 

10*81 

•• 

*90 

51 ' 

18*99 

58*47 

2*2*54 

75 

18*8 

6*100 

4*026 

2*615 

10*359 

8*572 

6*399 

*912 

*908 

1*54 

52 | 

n 

i* 

*i 

100 

18*2 

9*080 

5*920 

8*906 

11*445 

8' 870 

5*068 

1*486 

1*487 

1*40 

53 1 

»» 

i* 


125 

16*2 

10*193 

6*562 

4*377 

15*889 

13 110 

9*339' 

1*682 

1*701 

1*29 

64 i 

>i | 

ii 


200 

12*6 

17*108 

10*894 

7-349 

22*946 

18*420 

11*965 

2*901 

2*990 

1*19 

55 

i 

it 


400 

18*7 

88*61 

24*68 

16-82 

37*86 

27*44 

12*82 

6*67 

6*832 

1*19 

56 

i* | 

** 

!! 


500 

8*8 

45*511 

28*927 

19*560 

83*597 

21*479 

4*337 

7*986 

7*892 

1*19 

67 

12-29 

63*31 

; 24*40 

400 

13*0 

16*89 

12*59 

10*68 

22*66 

15 45 | 

6*79 

2*21 

2*20 

*905 

58 

11 

ii 


ii 

9*5 

17*780 

13*228 

1 1 *206 

21*528 

13*922, 

4*769 

2327 

2*810 

*88 

59 

11 



1000 

10*4 

17*665 

18*161 

11*148 

20*479 

12*910 

3*847, 

2*332 

2*291 

*80 

6° 

11 

i» 

>> 

11 

12*9 

16*808 

12*563 

10*610 

22*475 

15*262 

6*656 

2*176 

( 2*100 

*02 

61 

8-06 

66*28 

25*66 

125 

11*3 

11*992 

10*065 

Oilc' 

17*087 

10*378 

3*426 

*908 

*955 

1*02 

62 

II 

ii 

M 

150 

11*2 

13*020 

10-950 

9*888 

20*488 

18*265 

5*769 

1*028 

1*028 

1*08 

68 

11 

ii 


175 

11*2 

16*562 

13-932 

12-532 

24*638 

15*468 

5*913 

1*287 

1*316 

1*09 

64 

II 

ii 

J ? 

200 

12*5 

17*262 

14*531 

18-074 

26*236 

16*073 

6*722 

1*334 

1*371 

1*09 

65 

11 

ii 


250 

7*8 

21*757 

18*857 

16*527 

28*162 

15*999 

3*393 

1*057 

1*082 

1*09 

66 

11 

n 


800 

8*6 

25*468 

21*424 

19*820 

31*982 

17*816 

3*004 

1*995 

2*027 

1 04 

67 

11 



400 

14*5 

32*85 

27*59 

24*97 

46*73 

28*34 

9*27 

2*63 

2*53 

1*03 

68 

II 

i> 


600 

12*4 

48*700 

40-780 

36*820 

• • 

, , 

• • 

3-000 

, . 

1*00 

69 

11 ] 

ii 

» 

1000 

10*0 

84*869 

70-612j 63-699 

•• 

•• 

•• 

0*906 

•• 

*98 

70 

11 

*> 


ii 

8*0 

10*342 

8*642 

7*889 

10*421 

10*708 

4*643 

*876 

*866 

*90 

71 

11 

n 


ii 

8*4 

15*004 

12*526 11*379 

23*682 

16*374 

6 695 

1*270 

1*270 

*91 





1 


1 

I 







j 




2. The experiments 72 to 150 are given in detail in the following table. The last 
column contains the coefficient found by dividing the product of the carbonic oxide and 
steam molecules by the product of the carbonic acid and hydrogen molecules. The 
values of h and h' in this column are the means between the found and calculated values 
for the hydrogen burnt in the first and second explosion respectively ; and the values 
of and k and k' are the means between the found and calculated values for the carbonic 
oxide burnt in the two explosions. The other columns are exactly similar to those in 
the previous table. 
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Experiment 72 is here given in full : — 

Composition of mixture. 


Carbonic oxido 73*19 

Hydrogen 14*36 

Oxygen 12*45 


100*00 


Volumes reduced to 0° C. and 760 millimB. 

Cub. centims. 

Volume of mixture taken 22*075 

„ after explosion 17*503 

., ,, absorption 13*836 

,, „ addition of oxygen . . . 28*055 

„ „ explosion 19*829 

„ „ absorption 7*357 

First contraction =4*572=c First absorption = 3*667=& 

Second „ =8*226=c' Second „ =12*472 =k' 

0=|(e+&)=2*746 /*=§jc — || = 1*826 

1-} = 1*327 

Total hydrogen =3*153 Total carbonic oxide = 16*139 


Composition of mixture by 

analysis. 

CO . . 

16*139 

73*12 

H 2 . . 

3*153 

14*28 

0 2 . . 

2*746 

12*44 


22*038 

99*84 


By calculation from original mixture 22*075 cub. centims. contain 16*159 cub. centime, 
carbonic oxide and 3*169 cub. centims. hydrogen : — 

16*159 3*169 

12*472 1*327 


3*687 calculated 
3*667 found 


3*677 mean k 


16*159 

3*677 


12*482 mean k‘ 


1*842 calculated h 
1 *826 found h 


1*834 mean h 


xh 12 482 x T834 „ 

k x h' 3-677 x 1*335 4 57 


3*169 

1*834 


1*335 mean K 
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Reference) 

No. 

Oxygen. 

Carbonic 

oxide. 

Hydro- 

gen. 

P. 

T. i 

Vo. 

Vr. 

V„. 

To. 

V',. 

V'«r. 

h 

found. 

h 

calcu- 

lated. 


72 

12*45 

78*19 

14*36 

millims 

1000 

°0. 

15*6 

22*075 

17*503 

13*836 

28 055 

19-829 

7-357 

1-826 

1-843 

4-67 

78 

12*44 

67-76 

19-80 

tt 

14*6 

26-406 

20-198 

16*501 

29-847 

19-306 

5-178 

2*906 

2*911 

4-76 

74 

12-40 

58-12 

29-48 

13-4 

16*842 

12-207 

10-666 

22-259 

14-678 

6-476 

2-540 

2*546 

6*11 

76 

12*38 

45-96 

41*66 


13*6 

17-067 

11-768 

10*716 

18-880 

9*609 

2-658 1 

3-180 

8-176 

5*18 

76 

12*86 

85-60 

52-04 


15-2 

19*116 

12*797 

12*026 

24-917 

12-957 

6-907 

3-956 

8*990 

5*26 

77 

12-83 

26*42 

61-25 

.. 

15*2 

22*284 

14-612 

14-085 

30-214 

14-505 

9-209 

4-922 

4-942 

5-14 

78 

12*30 

11*80 

75*90 

it 

14-6 

19011 

12*767 

12*663 

28*790 

7060 

4*890 

4*695 

4-671 

4*90 

79 

15*03 

71-76 

13-21 

1000 

13*4 

21*411 

16*265 

11*677 

22-693 

15*893 

5-171 

1*901 

1-869 

4-68 

80 

14*98 

67-86 

1718 


184 

16-847 

11*259 

8-387 

21 -933 

16-854 

9-402 

1-768 

1*735 

6*09 

81 

15*00 

66-77 

18*23 

ft 

12-6 

21*410 

15*610 

11-717 

27-370 

20-170 

9-800 

2-569 

2-569 

5 09 

82 

14*98 

58*55 

26*47 

13-6 

15*070 

10*306 

8*257 ! 

20*119 

14*498 

7*788 

2-493 

2-478 

6*36 

83 

15*01 

89*08 

45*91 


13 0 

11-445 

7*018 

6-310 | 

14-132 

8*412 

4*734 

2-715 

2-607 

6*22 

84 

15*01 

30-55 

54*44 


13*2 

16*080 

8*948 

8*287 ! 

19*298 

10-827 

6-901 

3-808 

8-872 

5*23 

85 

14-99 

13*48 

71-53 

tt 

13*7 

18*222 

10-283 

9*988 

23-725 

10*917 

8-761 

6*194 

5-214 

4*80 

86 

13-81 

63*10 

23-09 

1000 

6*7 

11-125 

8*008 

6-495 

17-648 

13-412 

7-909 

1*574 

1-579 

5*77 

87 

88 

89 

a 

» 

y> 

tt 

ft 

tt 

»» 

>» 

»» 

tt 

8*9 

8*8 

8*0 

10-070 

11*197 

13*527 

7-241 

7- 044 

8- 610 

5*882 

4*460 

6*408 

15-617 

13*536 

13*884 

11-784 

10-810 

10-585 

6-790 

6-852 

6-821 

1-433 

1-907 

2811 

1-434 

1*917 

2*806 

5*91 

6*82 

5-82 

90 

14*08 

60-80 

25*12 

1000 

3 

15-320 

10*760 

8*762 

22-147 

16-297 

9-066 

2-873 

2*859 

6*69 

91 





19 

12-999 

9*209 

7*473 

20*807 

15-791 

9-687 

1-948 

1*956 

5*15 

92 

93 

>> 


?> 

ft 

» 

it 

20 

40 

15*063 

18*903 

10-681 

9-874 

8-ess 

7-930 

22*925 

21*385 

17-085 

16-007 

10030 

9-590 

2*240 

2-038 

2*242 

2*047 

4*94 

4*67 

94 

a 

JJ 

t> 

CO 

10*640 

7*635 

6-060 16-558 

12*361 

7*490 

1*480 

1*489 

3*83 

95 

14-73 

62-60 

22-77 

1000 

-10 

11127 

7-703 

6-170 

22-010 

18-130 

12*800 

1-712 

1-724 

7-03 

96 

97 

98 

tt 

it 

ty 

ft 

ft 

it 

it 

” 

60 

80 

100 

14-322 

12*782 

17*348 

10*304 

9*231 

12*529 

7-903 

7-100 

9-647 

22*434 

16*353 

21*508 

17*096 

11*593 

15-014 

10-624 

6*766 

7*078 

1*898 

1- 657 

2- 252 

1*893 

1-683 

2*269 

3*87 

3-68 

3*67 

99 

15*02 

52-40 

22*58 


120 

19*706 

14*207 

10-862 

24*429 

17*133 

8-148 

2*548 

2*582 

8*06 

100 

14*78 

20*44 

64*78 

1000 

0 

15*122 

8*779 

8*485 

21*536 

11-642 

8-888 

4-114 

4-119 

6*86 

101 



” 

t> 

70 

19*920 

11*685 

11-105 

24-740 

11*665 

8*171 

6*800 

6*840 

4*19 

102 





80 

15*560 

9*137 

8*656 

17*571 

7*350 

4-622 

4*121 

4*173 

4*03 

103 

104 

18-71 

tt 

21*12 

06*17 

tt 

tl 

100 

125 

17*816 

17*274 

10*455 

10-671 

9*914 

10-204 

19-244 

19-706 

7*684 

7*016 

4*616 

4-449 

4-737 

4246 

4*859 

4*252 

3- 98 

4- 05 

105 

18-42 

44*72 

41*86 

1000 

70 

12-503 

8*397 

7-422 

19-508 

12*975 

8*337 

2-412 

2-425 

4-12 

! 106 




91 

80 

15-060 

10*214 

9-061 

19-779 

11*763 

6-166 

2*846 

2*829 

4*02 

1 107 

it 

tt 

tt 

99 

120 

13*462 

9-112 

8-084 

18*286 

11*171 

6-186 

2*557 

2*563 

4*01 

! 108 

15*02 

62-40 

22-58 

400 

40 

7*943 

6*686 

4-356 

11-760 

8*872 

5-223 

1-062 

1-084 

4-11 

1 109 

110 j 

fi 

tt 

tt 

M 

tt 

a 

a 

50 

100 

9-270 

8-281 

6-679 

6*961 

6-117 

4*565 

13-047 

13-776 

9*616 

10*738 

5- 408 

6- 981 

1-207 

1-081 

1-209 

1-097 

8-67 

3*74 

111 

15*02 

62*40 

22*58 

100 

16 

7-379 

5*362 

4-089 

12-371 

9-574 

6*217 

-920 

-940 

8-80 

1)2 

118 

>» 

>t 

tt 

it 

tt 

30 

60 

8-862 

6*611 

6*139 

4-844 

4*620 

3-627 

12-241 

9-764 

9-08) 

7-241 

6-305 

4*299 

•976 

•772 

-980 

•798 

207 

2*70 

114 

» 

tt 

tf 1 
n 

V 

100 

6*248 

4-566 

3-442 

8*576 

6-184 

3*406 

•782 

•742 

2-67 

115 

18-42 

44*72 

41-86 

150 

80 

6*937 

4-764 

4-165 

11*456 

7-780 

6-190 

1-249 

1-267 

8-32 

116 



it 

tt 

200 

tt 

7-661 

5-198 

4*556 

11-477 

7*429 

4-628 

1-428 

1-442 

3-55 

117 



800 

tt 

10-886 

7*058 

6*252 

16*003 

10-510 

6-662 

1-949 

1*908 

8-93 

118 

n 

tt 

it 

400 

it 

11-358 

7*647 

6-755 

16-358 

9*417 

5-238 

2177 

2*190 

8*97 

119 

13*71 

21*12 

66-17 

100 

100 

6*942 

4-891 

4-125 

14-100 

9-118 

7*876 

1-612 

1-017 

2-76 

120 

» 

»» 

” 

800 

IP 

9-988 

6*206 

5-910 

14-718 

7*702 

5-863 

2*423 

2*448 

3*85 

121 

7-88 

44*47 

47-70 

400 

90 

18-192 

10-632 

10-072 

16-465 

6*640 

•856 

1*620 

1-510 

2-94 

122 

128 

124 

» 

it 

tt 

tt 

t> 

tt 

«» 

800 

1000 

1500 

» 

it 

tt 

14*815 

10*991 

18-330 

11-940 

8*788 

10-678 

11-840 

8-346 

10-130 

30*297 

16-773 

17*580 

19*280 

8*668 

7*798 

13*268 

4-247 

2*398 

1-717 

1-321 

1-586 

1-725 

1-312 

1-687 

3*28 

8*28 

8*39 

125 

tt 

tt 

2000 

it 

17*167 

13*807 

13*152 

25*171 

12-434 

5*459 

2*022 

2-022 

8*48 
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II. (continued). 


Reference 

No. 

i 

i 

Oxygen. 

Carbonic 
oxide. | 

i 

I 

Hydro- 

gen. 

1\ 

T. 

t 

! 

V*. 

; V,. 

V, 

V'o. 

V',. 

i v' ^ 

v "* found. 

h 

calcu- 

lated. 

k!h 

kh! 

120 

9*24 

48*83 

42-42 

millims* 

400 

D C. 

90 

15*311 

11*924 

jl 1-062 

21*223 

11*200 

4*645 1-971 

1*998 

3*38 

127 



ft 

1500 


16*630 

12*889 

11*995 

21-228 

10*390 

3'246 2-190 

2*214 

3*63 

128 

s» 


1750 


,17-010 

18177 

12*280 

24*894 

13-804 

6-479 2-258 

2*264 

3*74 

129 

)* 

» 

» 

2000 

1 ” 

■22-667 

17-543 

16*391 

29*507 

14-747 

4*906 8*032 

2*996 

8*84 

180 

10*35 

41-89 1 

47*70 

400 

9 ) 

jl7-014 

13*250 

12*334 

28*801 

16*905 

10-297 2-804 

2*829 

3-57 

131 , 


') | 


000 


114-591 

10*785 

10 079 

22 548 

12*886 

7*495 2*302 

2*325 

3*70 

132 




800 


12*680 

9*343 

8 742 

18-014 

9-627 

4*931 , 2*024 

2*030 

3*90 

133 

V 

ft 

>> 

1000 


18*828 

18-874 

12-981 

23-073 

10-622 

8 687 8-005 

3*021 

3*93 

134 

21*18 

59-87 

19*45 

1000 

| 90 

19*652 

12-712 

7*432 

19-707 ll5-087 

8-867 " 2-867 

2*883 

3*09 

135 

21*19 

59*03 

19*18 


>» 

17*840 

11*442 

6*424 

14*555 

10-585 

5*013; 2*593 

2*632 

3*59 

130 

23*26 

57*80 ! 

18-94 



17*807 

10*945 

5*379 

15*210 

11*930 

7-224 2-719 

2-765 

3*04 

137 

27-75 

54*42 

17*83 

i 

it j 

16*757 

9*404 

2*805 

10*238 

8*574 

6*087 2*702 

2*708 

3*62 

138 ! 

20-67 

19*42 i 

59*91 

1000 

80 

17*163 

7*501 

0*607 

15*664 

8*302 

5*841 ! 6*143 

6 195 

4*16 

139 j 

11 

i * 



100 

16*777 j 

7*340 

6*486 

17-944 10-676 

8*281 I, 5*998 

i 

6*016 

4*05 

140 

| 

n.i a> 

38*1' 1 8*77 

12*98 , 

40*04 

i J000 

80 

17*346 

| 

13*143 

12*776 

21*350 

14-020 ,12-184 2-680 

2*687 

3*25 

141 

14*66 

15*64 1 

69*70 

1 

1 1000 

90 

22*615 ( 

13*177 

12*077 

24*165 

8*042 

i 

5*580 6*125 

6*133 

3*98 

142 

14*33 

34*03 ; 

51*04 ! 

»» 

i> 

19*661 

12*291 

11*148 

23*335 

12*204 

6*648 4*532 

4*584 

3*97 

143 | 

1 4*6 3 ! 

50*19 

85*18 



15*056 

10*047 

8*331 

18*260 11*609 

6-725 ' 2 784 

2*816 

8*97 

144 

14*70 ; 

52 56 1 

82*74 


tf 

23*372 1 

15*787 

1*2*990 

26*522 

16*467 

6*997 4*124 

4*100 

3 93 

145 jl 

14*79 

50*29 : 

29*02 


n 

18*578 j 

12*880 

10*328 

21*033 1 14*054 

6*121 2*948 

2*983 

3*81 

140 1 

14*33 

67*83 1 

17*84 



21*868 j 

16 501 12*506 

20*879 

12*981 

2*148 2*246 

2-247 

3*08 

147 | 

14*33 

72*23 j 

13*44 

»• 

» 

20*951 , 

16*282:11*973 

| 

21*908 

14*740 

8-918 1076 

1*646 

| 3*01 

148 i 

11*07 

60*35 | 

28*58 i 

1000 

80 

20*000 ! 

15-769 it 3-760 

28*151 17*927 

7-503 ■ 2-551 

2*547 

! 3*90 

149 ; 

11*06 

64*02 ! 

24*92 j 

♦f 

'< > > 

20*886 i 

16*243 113-942 

23-825 113*978 

2*900 ; 2*328 

2*331 

' 8*91 

150 | 

11*00 

07*09 

21*25 !j 

ft 

ft 

18*417 114*581 

12*297 

22-754 14*488 

4*316 1-796 

ij 

1*794 

8*77 




_ 





__ 

__ 








A Tote on- the preeed aaj Paper. 

B;/ W. EskoN, M.A., F.R.S., Felhae of Merton College, Oxford. 


In January, 1882 , Mr. Dtxon sent to me the results of the experiments recorded on 
p. 659 of the preceding memoir, and asked me to discover if I could the relation 
between the quantities of the gases at the beginning and end of the explosion. The 
facts already discovered by Mr. Dixon (1) that the union of carbonic oxide and 
oxygen does not take place except in the presence of steam, and (2) that carbonic 
oxide is oxidized by steam at a high temperature, led me to conjecture that the first 
effect of the explosion was to combine all the oxygen present with the proper amount 
of hydrogen to form steam. An action was then set up between the steam and 
carbonic oxide resulting in the formation of hydrogen and carbonic acid, and 
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simultaneously a reverse action took place between the hydrogen and carbonic acid 
resulting in the formation of steam and carbonic oxide. Finally an equilibrium was 
established between the action and reverse action when the amount of each per unit 
of time was equal to that of the other. 

In a paper by Mr. Ha iu 'O win' and myself, communicated to the Royal Society in 
November, 1 8(55 (Transactions, Vol. 150, p. 21 7), it is shown that the amount of action 
per unit of time between two substances is proportional to the quantity of each 
substance. Tn the course of a hitherto unpublished investigation on the reaction of 
hydrogen iodide and peroxide a case of equilibrium occurred in November, 1805, 
precise!}'' analogous to the present case, and admitting of the same explanation. The 
two east's are represented by the following chemical equations 

II,0, + 2HI = 2lI„0 + L 
2 H .,0 + 1 , = H ,0, + 2 1 1 1 

11,0 + 00=11, + CO, 

IT, +CO-1 1.0 + 00 

If in general A,, B,. A.,, B, are substances reacting according to the chemical 
equation 

Ai + B,=A,+ B.„ 

A,+B,=A , + B,, 

and if rq, + 6, are the quantities of A x , A,, B,, B, respectively in an unit of 
volume, the amount of the first action per unit of time is atq/q, and the amount of the 
second action per unit of time is /3a.,h 2 , so that when equilibrium is established 
ouq/q = /3a i h i . 

In the present case, if JI,0, CO, H,, 00, represent the quantities per unit of 
volume of steam, carbonic oxide, hydrogen, and carbonic acid respectively, the ratio of 
H,(>xC0 to H, X CO, is a ratio independent of the quantities of substance taking 
part in the reaction, and depending only upon the conditions of temperature, pressure, 
&c. In the experiments which Mr. Dixon submitted to me this constant is 5, and on 
p. 060 the numbers calculated on this hypothesis arc compared witli those actually 
found. 

The calculation of the steam and carbonic acid ultimately remaining after the 
explosion of given quantities of hydrogen, carbonic oxide, and oxygen is effected in 
the following way: — 

Let a, h, c be the original quantities of hydrogen (H 2 ), carbonic oxide (CO), and 
oxygen (0 2 ) I’espeetively, and. x the ultimate quantity of steam, then the ultimate 

4 s 2 
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quantities of carbonic oxide (CO), hydrogen (H 2 ), and carbonic acid (C0 2 ) are 
respectively b—2c+x, a—x, 2c— x, hence if H 2 Ox CO : H 3 xC0 2 =fi 

x(b— 2c+x)=fi(ct—x)(2c—x) 
or 

(fi— 1)jc®— {/a(a-f 2c)-f- b — 2c}x-\-2/j.ac=0, 

the lesser root x x of this quadratic is the amount of steam, and 2 c — x x is the amount 
of carbonic acid after the explosion. In the experiments recorded on p. 659 ct-\-b= 100, 
c=14'2, /u=5, and a has values varying from 16'4 to 86'54. The quadratic in the 
case of the experiment in which or = 86 ’54 is 

4a: 2 — 558T6a?-{-12115'6 = 0 
the lesser root of which is 26'89. 
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Eclipse , observations taken during a total solar, 253 (see Abney). 
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to theory, 1. 

Ferrier (D.) and Yeo (G. F.). A record of Experiments on tin* Effects of Lesions of Different Regions 
of the Cerebml Hemispheres, 479. — Lesions of the angular gyri and occipital lobes, 4*80 ; of the 
temporo-sphenoidal convolutions, 505; of the convolutions bounding the fissure of Rolando, 510; 
of the frontal lobes, 521 ; of the hippocampal region, 532. 

Fluid, motion of, part of which is moving rotationally and part irrntnt ionally, 363. 


H. 

Hartley (W. N.). Researches on Spectrum Photography in relation to New Methods of Quantitative 
Chemical Analysis. — Part I., 49 (for contents see p. 49). 

Hartley (W. N.). Researches in Spectrum Photography in relation to New Methods of Quantitative 
Chemical Analysis. — Part II. , 325. 

Hartley (W\ N.) and Adeney (W. E.). Measurements of the Wave-lengths of Lines of High Refrangi- 
bility in tho Spectra of Elementary Substances, 63. 

Heart, maximum volume of blood sent out by, and influence of pressure on the work done by, 139 (see 
Ho WE LI,). 

Heath (R. S.). On the Dynamics of a Rigid Body in Elliptic Space, 281. 

Hicks (W. M,). On the Steady Motion and Small Vibrations of a Hollow Vortex, 161 (for contents see 

p. 161). 

Hill (M. J. M.). On the Motion of Fluid, part of which is moving Rotationally and part Irrotationally, 
363. 
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Howell (W. H.) and Donaldson (F.). Experiments upon the Heart of the Dog with reference to the 
Maximum Volume of Blood sent out by the Left Ventricle in a Single Beat, and the Influence of 
Variations in Venous Pressure, Arterial Pressure, and Pulse-Rate upon the work done by the 
Heart, 13i>. — The maximum quantity of blood which can be thrown out from the left ventricle at n 
single beat, 143; influence of variations of arterial pressure upon the work done by the heart, 147; 
influence of venous pressure ou the work clone by the heart, 151 ; influence of the rate of beat on the 
same, 156. 


K. 

Ku nut’s tubes , explanation of the circulation of air in, 1. 


L. 

Leaf, comparative morphology of, in the vascular Cryptogams and Gym oosperms, 365 (see Bowlk). 


M. 

Muynpsivm, extraordinary sensitiveness of its photographic spectrum reaction, 327. 
Mascle, action of acid and alkali on, 231. 


N. 

Not iosa uras dental as, 241). 

O 

Owen (R.). Description of Teeth of a Large Extinct (Marsupial '?) genus, Sceparnodon, Ramsay, 245. 
Owen (R.). Evidence of a Large Extinct Lizard (Notiosaurus den talus, Owen) from Pleistocene 
Deposits, New South Wales, Australia, 240. 

Owen (R.). Evidence of a Large Extinct Monotvemc (Echidna Ramsay i, Ow.) from the Wellington 
Breccia Cave, New South Wales, 273. 


P. 

PoYNTtNU (J. H.)- On the Transfer of Energy in the Electromagnetic Field, 343. 


R. 

Ramsay (W.) and Young (S.). Influence of Change of Condition from the Liquid to the Solid State ou 
Vapour-Pressure, 461 . A 

Ramsay (W.) and Young (S.). The Influence of Pressure on the Temperature of Volatilization of 
Solids, 37. 
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INDEX. 


Rayleiuit (Lord). On the Circulation of Air in Kundt’s Tubes, and on some Allied Acoustical 
Phenomena, 1. 

Rayleigh (Lord) and Sines wick (Mrs. H.). On the Electro-chemical Equivalent of Silver, and on the 
Absolute Electromotive Force of Clark Cells, 411. — Resulting number for electro-chemical equiva- 
lent, 439 ; eloctromotive force of Clark (and other) cells, 440; final number for a Clark cell, 452; 
examination of possible effect of temperaturo upon the amount of deposited silver, 457 ; comparison 
of the E.M.F. of Clark colls with the numbers obtained by others, 460. 


S. 


Sceparnodon, description of teeth of, 245. 

Schuster (A.) and Arney (W. de W.) (see Abney). 

Shenhtone (W. A.) and Tilden (W. A.) (see Tilden). 

Sidgwick (Mrs. II.) and Rayleigh (Lord) (see Rayleigh). 

Silver, electro-chemical equivalent of, 411 (see Rayleigh). 

Solubility of salts in water at high, temperatures , 23. 

Spectrum photography , application of, to quantitative chemical analysis, 49, 325. 
Sulphate of sodium, anomalies in the solubility of, in water considered, 23. 


T. 

Taylor (S.), colour phenomena observed by him on liquid films considered, 2. 

Theta -functions, double, application of, 317. 

Tilden (W. A.) and Shenkionk (W. A.). On the Solubility of Salts in Water at High Temperatures, 23. 
Tore , motion of a rigid, in irrotationally moving liquid, 172 (see Hicks). 


V. 

Vapour-pressure, influence on, of a chango from tbe solid to the liquid state of the substance partly 
evaporated, 461. 

Volatilization of solids, influence of pressure on the temperature of, 37. 

Vortex, motion of a hollow, 179 (seo Hicks). 


W. 


Wave-lengths, measurements of, 63 (seo Hartley). 

Water, vapour pressure of, in contact with liquid water or with ice, 470. 


Y. 

* 

Yeo (Q. F.) and Ferrier (D.) (see Ferrier). 

Young (S.) and Ramsay (W.) (see Ramsay). 
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